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Compositional engineering of phase-stable and
highly efficient deep-red emitting phosphor for
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Abstract
Inorganic luminescent materials hold great promise for optoelectronic device applications, yet the limited efficiency
and poor thermal stability of oxide-based deep-red emitting phosphors hinder the advancement of plant lighting
technologies. Herein, a simple compositional engineering strategy is proposed to stabilize the phase, boost external
quantum efficiency (EQE) and enhance thermal stability. The chemical modification of the PO4 tetrahedron in
NaMgPO4:Eu by incorporating SiO4 lowers the formation energy, leading to the generation of pure olivine phase and
increasing the EQE from 27% to 52%, setting a record for oxide deep-red phosphors. In parallel, the introduced deep
defect level improves thermal stability at 150 °C from 62.5% to 85.4%. Besides, the excitation and emission peaks
shifted to 440 nm and 675 nm, respectively, aligning precisely with the specific spectral absorption requirements of
plant phytochromes. Moreover, the luminescent intensity showed nearly no decay after being exposed to 80% relative
humidity and 80 oC for 6 h, and the pc-LED utilizing Na1.06MgP0.94Si0.06O4:Eu achieves a high output power of 780 mW
at 300 mA. Our research demonstrates a facile method for optimizing the performance of inorganic luminescent
materials and provides alternative solutions for low-cost plant lighting.

Introduction
The plant factory has gained considerable attention as a

solution for food production amidst the worsening effects
of climate change, population challenges, and rising costs
of traditional agricultural methods1,2. Light is crucial for
the life activities of plants, as it regulates plant metabolism
by controlling plant germination, flowering, and accel-
erating stem and leaf growth3–5. The process of photo-
synthesis in plants primarily depends on the absorption of
plant pigments (such as chlorophyll a, chlorophyll b,
carotenoids, phytochrome PR, and phytochrome PFR)
within the blue (440 nm), deep-red (660 nm), and far-red
(730 nm) regions6,7. At present, the commercial plant
lighting devices constructed using blue and red diode
chips suffer from high expenses and limited electro-
luminescent bands that fail to fully cover the absorption
area of phytochromes8. As a promising alternative,

phosphor-converted light-emitting diodes (pc-LEDs)
appear to be the most straightforward, cost-effective, and
convenient plant lighting strategy. Thus, developing effi-
cient phosphors that can be well matched with photo-
receptors becomes key to achieving low-cost indoor
agricultural cultivation.
Numerous endeavors have been directed towards dis-

covering deep-red phosphors by doping transition metal
ions (Cr3+, Mn4+) or rare earth ions (Pr3+, Yb3+) into
inorganic host materials9,10. However, the sharp emission
lines of Mn4+, Pr3+ and Yb3+ ions can hardly cover both
the PR and PFR regions simultaneously, and excitation
spectra of these phosphors struggle to match with blue
chips11–14. Recently, Cr3+-activated phosphors have gar-
nered significant interest because of their broad far-red or
near-infrared emission15,16. Nevertheless, the spin-
forbidden d-d transitions of Cr3+ activators lead to
weak absorption and low quantum yield (EQE <
40%)17–19. In contrast, Eu2+ activated phosphors are
typically endowed with strong absorption and high EQE,
making them extensively utilized in solid-state lighting
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coordinates and main bond lengths of polyhedra are listed
in Supplementary Tables S2 and 3 for comparison. The
cell volume V exhibits a linear increase with x values due
to the larger ionic radius of Si4+ (CN= 4, 0.26 Å) com-
pared to P5+ (CN= 4, 0.17 Å), as depicted in Fig. 1e and
Supplementary Table S4. This also clarifies why the XRD
diffraction peaks in Fig. 1c shift towards smaller angles.
The P/SiO4 tetrahedra and MgO6 octahedra connect to
each other, creating a closely packed structure, with Na
atoms locate in quadrilateral channels. As for the extra Na
atoms, they occupy a second Wyckoff position corre-
sponding to the displacement of the Na(1) sites (Fig. 1b),
analogous to the structural alterations induced by
P5+→Si4+ substitution in Na3+xSc2SixP3-xO12

30. Scanning
electron microscope (SEM) images of NaMgPO4 and
Na1.06MgP0.94Si0.06O4:Eu (Supplementary Fig. S3) reveal a
smooth surface with a particle size of about 10 μm,
demonstrating its high crystallinity. The EDS elemental
mapping reveals that Na, Mg, P, Si and O are homo-
genously dispersed in the host (Supplementary Fig. S3f),
and the detected mole ratio for each element is close to

the stoichiometric ratio of Na1.06MgP0.94Si0.06O4 (Sup-
plementary Fig. S4). To further substantiate the above
inference, the Raman spectra of NaMgPO4 and
Na1.06MgP0.94Si0.06O4:Eu are presented in Supplementary
Fig. S5a. Except the obvious Raman modes from PO4

3-

group, Na1.06MgP0.94Si0.06O4:Eu also exhibits a small peak
at 855 cm−1 originating from the SiO4

4- group31,32.
Moreover, compared to NaMgPO4, the Si-2p XPS spectra
of Na1.08MgP0.92Si0.08O4:Eu and Na1.06MgP0.94Si0.06O4:Eu
show a broad asymmetric band centered at 102 eV cor-
responding to Si4+ ions (Supplementary Fig. S5b)33. All
the above results suggest that Si successfully enter
NaMgPO4 lattice and form P/SiO4 tetrahedra.

Tuning PL and PLE spectra
The photoluminescence emission (PL) and excitation

(PLE) spectra of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) are
shown in Fig. 2a, b respectively. The as-prepared NaMg-
PO4:Eu phosphor exhibits a wide emission band peaking
at 620 nm when excited at 440 nm, attributed to the
characteristic 4f65d1→ 4f7 transition of Eu2+. Upon the
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Fig. 1 Synthesis method and structural characterization of olivine-type NaMgPO4:Eu
2+ phosphor. a Schematic image of arc-imaging furnace

and b traditional high-temperature solid state method, as well as the crystal structure of the synthesized products. c X-ray powder diffraction patterns
of Na1+xMgP1-xSixO4:Eu

2+ (x= 0–0.08) phosphors and the simulated pattern profile based on Rietveld refinement results. d Differences in formation
energies for four different configurations calculated by using First-Principle calculations based on DFT. e Dependence of the lattice parameters (a, b,
c, V) on the doping concentration of Si
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applications20–22. For instance, the broad deep-red emis-
sion band of the widely recognized nitride phosphor
CaAlSiN3:Eu

2+ effectively overlaps with absorption spec-
tra of plant pigments, rendering it an ideal luminescent
material for plant lighting8,23. Nonetheless, the water/
oxygen-free preparation environment of precursors, along
with high pressure (~1MPa) and high temperature
(>2000 K) conditions necessary for sintering process,
result in high production costs for nitride phosphors24.
Oxide-based phosphors like the commercial YAG:Ce,
BaMaAl10O17:Eu

2+ and Ba2SiO4:Eu
2+ have emerged as

excellent choices for affordable pc-LEDs. Unfortunately,
only a limited number of Eu2+-activated oxide deep-red
phosphors have been discovered to date. Examples like
Ca1.2Eu0.8SiO4 and Ca3.93Eu0.07(PO4)2O, demonstrate low
emission efficiency (EQE < 40%) and poor thermal stabi-
lity (<80%@150 °C)25. It is noteworthy that Hasegawa and
Ishigaki et al. developed red-emitting phosphors of olivine
phase NaMgPO4:Eu

2+ (O-NaMgPO4) with an IQE up to
80% using a rapid quenching method26,27. Recently, Wang
et al. synthesized Na(Mg,Zn)PO4:Eu red phosphor with an
EQE of 42% through Zn-Mg solid solution28. However,
these studies failed to obtain a completely pure
O-NaMgPO4 phase, and the emission peak (620 nm) did
not fall within the optimal deep-red region (660 nm), in
addition to the low EQE value (<45%) resulting from the
low absorption coefficient in the blue light region. Hence,
there is still an urgent need to discover oxide deep-red
emitting phosphors with high efficiency and exceptional
thermal stability.
In this work, we successfully achieved multiple goals via

straightforward composition engineering, creating a
phase-stable, efficient, and thermally stable deep-red
phosphor Na1.06MgP0.94Si0.06O4:Eu. As a result, the suc-
cessful incorporation of Si4+ ions significantly reduced the
formation energy, overcoming the challenge of synthe-
sizing pure olivine phase through traditional high-
temperature solid-state method. By modulating the sites
occupation of Eu2+ ions, the absorption in the blue region
is significantly enhanced, and the emission color turned
from red to deep-red region. The increase in the number
of luminescent centers of Eu2+ leads to an enhancement
of EQE to 52%, while the creation of deeper defect levels
improves thermal stability to 85.4%@150 °C. Moreover,
the lettuce under irradiation of artificial pc-LEDs exhibits
significant growth advantages compared to that of non-
illuminated sample, suggesting the substantial potential
application of Na1.06MgP0.94Si0.06O4:Eu in the low-cost
lighting for indoor agriculture.

Results
Phase stabilization of O-NaMgPO4

The olivine-type NaMgPO4:Eu
2+ (O-NaMgPO4:Eu

2+)
was initially discovered using a so-called arc-imaging

furnace method (Fig. 1a), enabling a rapid temperature
increase up to 2000 °C followed by quick cooling using a
water-cooling system27. However, the synthesized sam-
ples contain many impure phases such as glaserite-type
NaMgPO4 (G-NaMgPO4) and Na5.52Mg1.74(PO4)3, as
shown in Fig. 1a and Supplementary Fig. S1a 29. Although
the olivine phase in NaMgPO4 was later stabilized
through the “melting and quenching process”, it still
contains a number of unidentified impure phases (Sup-
plementary Fig. S1b)26. Figure 1b depicts the schematic
diagram of synthesizing pure-phase O-NaMgPO4:Eu

2+

phosphor in this research through traditional high-
temperature solid-state reaction (HTSSR) by incorporat-
ing silicon into the synthetic raw materials. In comparison
to the previous two methods, this approach offers the
benefits of simplicity, affordability, and large-scale
synthesis of O-NaMgPO4:Eu

2+. Figure 1c shows the
simulated pattern of O-NaMgPO4 and the XRD patterns
of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) samples synthe-
sized using HTSSR method. Obviously, the XRD pattern
of the undoped Si sample (x= 0) contains multiple dif-
fraction peaks of impure phases, among which the
G-NaMgPO4 impurity leads to the generation of blue
luminescent particles in the orange powder (Supplemen-
tary Fig. S2a). With the increase of x value, the impure
peaks gradually diminish, and when x ≥ 0.04, all diffrac-
tion peaks can be well matched with the simulated pattern
(Fig. 1c). This indicates that the introduction of Si effec-
tively stabilizes the olivine phase and achieves completely
pure Na1+xMgP1-xSixO4:Eu (x= 0.04–0.08) phosphors.
To delve deeper into the phase stability mechanism, we
subsequently investigated the variations in formation
energies (ΔEform) across four different configurations that
may exist after the introduction of Si, including NaMgPO4

(initial configuration), NaMgP0.94Si0.06O4 (P5+→Si4+),
Na1.06MgP0.94Si0.06O4 (P5+→Si4+ with additional Na
occupying interstitial positions), and NaMgP0.94Si0.06O3.97

(P5+→Si4+ leading to the creation of oxygen vacancy
defects). As exhibited in Fig. 1d, the negative formation
energy of Na1.06MgP0.94Si0.06O4 (ΔEform=−0.58 eV)
suggests that the P5+→Si4+ substitution effectively redu-
ces the formation energy and promotes the formation of
the olivine phase, accompanied by the generation of
interstitial Na sites.
To analyze the changes in crystal structure after Si

doping, Rietveld refinements were performed on all
samples, as shown in Supplementary Fig. S2. Considering
the difference in ionic radii, we take O-NaMgPO4 as a
prototype and assume that Si4+ occupies the P5+ site and
the additional Na enters an interstitial site. Trace amount
of Eu2+ was disregarded for structure determination due
to its insignificant impact on the scattering density. Final
refinement of this model was stable with low R-factors
(Supplementary Table S1). The parameters of atoms’
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coordinates and main bond lengths of polyhedra are listed
in Supplementary Tables S2 and 3 for comparison. The
cell volume V exhibits a linear increase with x values due
to the larger ionic radius of Si4+ (CN= 4, 0.26 Å) com-
pared to P5+ (CN= 4, 0.17 Å), as depicted in Fig. 1e and
Supplementary Table S4. This also clarifies why the XRD
diffraction peaks in Fig. 1c shift towards smaller angles.
The P/SiO4 tetrahedra and MgO6 octahedra connect to
each other, creating a closely packed structure, with Na
atoms locate in quadrilateral channels. As for the extra Na
atoms, they occupy a second Wyckoff position corre-
sponding to the displacement of the Na(1) sites (Fig. 1b),
analogous to the structural alterations induced by
P5+→Si4+ substitution in Na3+xSc2SixP3-xO12

30. Scanning
electron microscope (SEM) images of NaMgPO4 and
Na1.06MgP0.94Si0.06O4:Eu (Supplementary Fig. S3) reveal a
smooth surface with a particle size of about 10 μm,
demonstrating its high crystallinity. The EDS elemental
mapping reveals that Na, Mg, P, Si and O are homo-
genously dispersed in the host (Supplementary Fig. S3f),
and the detected mole ratio for each element is close to

the stoichiometric ratio of Na1.06MgP0.94Si0.06O4 (Sup-
plementary Fig. S4). To further substantiate the above
inference, the Raman spectra of NaMgPO4 and
Na1.06MgP0.94Si0.06O4:Eu are presented in Supplementary
Fig. S5a. Except the obvious Raman modes from PO4

3-

group, Na1.06MgP0.94Si0.06O4:Eu also exhibits a small peak
at 855 cm−1 originating from the SiO4

4- group31,32.
Moreover, compared to NaMgPO4, the Si-2p XPS spectra
of Na1.08MgP0.92Si0.08O4:Eu and Na1.06MgP0.94Si0.06O4:Eu
show a broad asymmetric band centered at 102 eV cor-
responding to Si4+ ions (Supplementary Fig. S5b)33. All
the above results suggest that Si successfully enter
NaMgPO4 lattice and form P/SiO4 tetrahedra.

Tuning PL and PLE spectra
The photoluminescence emission (PL) and excitation

(PLE) spectra of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) are
shown in Fig. 2a, b respectively. The as-prepared NaMg-
PO4:Eu phosphor exhibits a wide emission band peaking
at 620 nm when excited at 440 nm, attributed to the
characteristic 4f65d1→ 4f7 transition of Eu2+. Upon the
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applications20–22. For instance, the broad deep-red emis-
sion band of the widely recognized nitride phosphor
CaAlSiN3:Eu

2+ effectively overlaps with absorption spec-
tra of plant pigments, rendering it an ideal luminescent
material for plant lighting8,23. Nonetheless, the water/
oxygen-free preparation environment of precursors, along
with high pressure (~1MPa) and high temperature
(>2000 K) conditions necessary for sintering process,
result in high production costs for nitride phosphors24.
Oxide-based phosphors like the commercial YAG:Ce,
BaMaAl10O17:Eu

2+ and Ba2SiO4:Eu
2+ have emerged as

excellent choices for affordable pc-LEDs. Unfortunately,
only a limited number of Eu2+-activated oxide deep-red
phosphors have been discovered to date. Examples like
Ca1.2Eu0.8SiO4 and Ca3.93Eu0.07(PO4)2O, demonstrate low
emission efficiency (EQE < 40%) and poor thermal stabi-
lity (<80%@150 °C)25. It is noteworthy that Hasegawa and
Ishigaki et al. developed red-emitting phosphors of olivine
phase NaMgPO4:Eu

2+ (O-NaMgPO4) with an IQE up to
80% using a rapid quenching method26,27. Recently, Wang
et al. synthesized Na(Mg,Zn)PO4:Eu red phosphor with an
EQE of 42% through Zn-Mg solid solution28. However,
these studies failed to obtain a completely pure
O-NaMgPO4 phase, and the emission peak (620 nm) did
not fall within the optimal deep-red region (660 nm), in
addition to the low EQE value (<45%) resulting from the
low absorption coefficient in the blue light region. Hence,
there is still an urgent need to discover oxide deep-red
emitting phosphors with high efficiency and exceptional
thermal stability.
In this work, we successfully achieved multiple goals via

straightforward composition engineering, creating a
phase-stable, efficient, and thermally stable deep-red
phosphor Na1.06MgP0.94Si0.06O4:Eu. As a result, the suc-
cessful incorporation of Si4+ ions significantly reduced the
formation energy, overcoming the challenge of synthe-
sizing pure olivine phase through traditional high-
temperature solid-state method. By modulating the sites
occupation of Eu2+ ions, the absorption in the blue region
is significantly enhanced, and the emission color turned
from red to deep-red region. The increase in the number
of luminescent centers of Eu2+ leads to an enhancement
of EQE to 52%, while the creation of deeper defect levels
improves thermal stability to 85.4%@150 °C. Moreover,
the lettuce under irradiation of artificial pc-LEDs exhibits
significant growth advantages compared to that of non-
illuminated sample, suggesting the substantial potential
application of Na1.06MgP0.94Si0.06O4:Eu in the low-cost
lighting for indoor agriculture.

Results
Phase stabilization of O-NaMgPO4

The olivine-type NaMgPO4:Eu
2+ (O-NaMgPO4:Eu

2+)
was initially discovered using a so-called arc-imaging

furnace method (Fig. 1a), enabling a rapid temperature
increase up to 2000 °C followed by quick cooling using a
water-cooling system27. However, the synthesized sam-
ples contain many impure phases such as glaserite-type
NaMgPO4 (G-NaMgPO4) and Na5.52Mg1.74(PO4)3, as
shown in Fig. 1a and Supplementary Fig. S1a 29. Although
the olivine phase in NaMgPO4 was later stabilized
through the “melting and quenching process”, it still
contains a number of unidentified impure phases (Sup-
plementary Fig. S1b)26. Figure 1b depicts the schematic
diagram of synthesizing pure-phase O-NaMgPO4:Eu

2+

phosphor in this research through traditional high-
temperature solid-state reaction (HTSSR) by incorporat-
ing silicon into the synthetic raw materials. In comparison
to the previous two methods, this approach offers the
benefits of simplicity, affordability, and large-scale
synthesis of O-NaMgPO4:Eu

2+. Figure 1c shows the
simulated pattern of O-NaMgPO4 and the XRD patterns
of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) samples synthe-
sized using HTSSR method. Obviously, the XRD pattern
of the undoped Si sample (x= 0) contains multiple dif-
fraction peaks of impure phases, among which the
G-NaMgPO4 impurity leads to the generation of blue
luminescent particles in the orange powder (Supplemen-
tary Fig. S2a). With the increase of x value, the impure
peaks gradually diminish, and when x ≥ 0.04, all diffrac-
tion peaks can be well matched with the simulated pattern
(Fig. 1c). This indicates that the introduction of Si effec-
tively stabilizes the olivine phase and achieves completely
pure Na1+xMgP1-xSixO4:Eu (x= 0.04–0.08) phosphors.
To delve deeper into the phase stability mechanism, we
subsequently investigated the variations in formation
energies (ΔEform) across four different configurations that
may exist after the introduction of Si, including NaMgPO4

(initial configuration), NaMgP0.94Si0.06O4 (P5+→Si4+),
Na1.06MgP0.94Si0.06O4 (P5+→Si4+ with additional Na
occupying interstitial positions), and NaMgP0.94Si0.06O3.97

(P5+→Si4+ leading to the creation of oxygen vacancy
defects). As exhibited in Fig. 1d, the negative formation
energy of Na1.06MgP0.94Si0.06O4 (ΔEform=−0.58 eV)
suggests that the P5+→Si4+ substitution effectively redu-
ces the formation energy and promotes the formation of
the olivine phase, accompanied by the generation of
interstitial Na sites.
To analyze the changes in crystal structure after Si

doping, Rietveld refinements were performed on all
samples, as shown in Supplementary Fig. S2. Considering
the difference in ionic radii, we take O-NaMgPO4 as a
prototype and assume that Si4+ occupies the P5+ site and
the additional Na enters an interstitial site. Trace amount
of Eu2+ was disregarded for structure determination due
to its insignificant impact on the scattering density. Final
refinement of this model was stable with low R-factors
(Supplementary Table S1). The parameters of atoms’
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bi-exponential functions, and Ai indicates the correspond-
ing fitting constants. The decay curve of NaMgPO4:Eu can
be well fitted by mono-exponential functions, while the
decay trend gradually transitions to a bi-exponential
function after Si doping (Fig. 2d). This result further
demonstrates the transition from single to double lumines-
cent centers. In addition, the measured decay times at room
temperature (300 K) increased from 2.27 to 2.58 μs
(Supplementary Fig. S8 and Supplementary Table S5).
Hirshfeld surface (HS) is an emerging method for ana-

lyzing the strength of intermolecular interactions and
crystal packing37. It not only identifies the existing
intermolecular interactions but also offers details on the
relative surface area associated with each interaction.
Here, we primarily focus on analyzing HS with de that
centered around Na and Mg, where de is defined as the
distance from HS to the nearest atom E external to the
surface. As illustrated in Fig. 2e and Supplementary Table
S6, the introduction of Si led to a gradual increase in the
surface area of NaO6, while the surface area of MgO6

decreased. The Si-O interaction was further examined by
2D fingerprint plots. The surface contribution of Si-O to
NaO6 and MgO6 in Na1.06MgP0.94Si0.06O4:Eu is 12.5% and
26.2% respectively. Since the combined contribution of
P-O and Si-O to the surface remains nearly constant, it
validates that the effective doping of Si will affect the
interaction strength of NaO6 and MgO6.
For a more comprehensive understanding of redshift in

PL spectra, we attempt to explore the alterations in the
distribution of Eu2+ ions pre and post the incorporation
of Si atoms. In the NaMgPO4 host, there are two different
NaO6 and MgO6 sites, both with coordination number of
6, suitable for Eu2+ ion occupation. As Si doping increa-
ses, the distortion index of MgO6 octahedra remains
nearly unchanged, while that of NaO6 octahedra gradually
decreases (Supplementary Fig. S9a). Due to the positive

correlation between CFS and distortion index, the influ-
ence of the distortion index on the redshift can be ruled
out. Additionally, the average bond length of NaO6

polyhedra increases, whereas that of MgO6 exhibits a
decreasing trend (Supplementary Fig. S9b), which is
consistent with the variations in surface area observed in
the above HS calculations. Based on the CFS of the
4fn-15d-levels of Ce3+ and Eu2+ proposed by Dorenbos,
the CFS appears to behave as36:

εcf s ¼ βQpolyR
�2
av ð2Þ

where βQpoly is a constant that depends on the type of
coordination polyhedron, Rav is the average bond length.
It is evident that the CFS is inversely proportional to the
square of the bond length, i.e., the occupancy of Eu2+ ions
in small MgO6 octahedra will result in a large CFS.
Combining the Gaussian peak and decay curve fitting
results, it can be reasonably inferred that Eu2+ occupies
only the larger NaO6 sites in the absence of Si doping
(x= 0) sample. However, when x > 0, Eu2+ will enter both
NaO6 and smaller MgO6 sites, leading to the redshift in
PL spectra.

Enhancing external quantum efficiency
To assess the commercial viability of the as-synthesized

phosphors, their internal quantum efficiency (IQE), external
quantum efficiency (EQE), and absorption coefficient (Abs)
were measured and are exhibited in Fig. 3a. All samples
demonstrate high IQE values exceeding 70%, whereas the
initial sample NaMgPO4:Eu has an EQE value only of 27%
due its weak absorption coefficient (Abs). Fortunately, the
Abs values have increased from 0.37 to 0.68 with rising Si
content, consistent with the values obtained from the diffuse
reflectance spectra (Supplementary Fig. S10a). This leads to
a significant improvement in the EQE values of the
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incorporation of Si ions, the emission peaks shift towards
longer wavelengths from 620 to 675 nm (Fig. 2a),
accompanied by a gradual enhancement in luminescence
intensity, reaching its maximum in the Na1.06MgP0.94-
Si0.06O4:Eu sample (Supplementary Fig. S6). The corre-
sponding PLE spectra for each sample monitored at
optimal emission peak contain a broad band from 280 to
550 nm, arising from the 4f→ 5d transition of Eu2+ (Fig.
2b). It is worth noting that doping Si leads to a progressive
enhancement of the excitation intensity in the blue light
region, enabling better compatibility with blue LED chips
and increasing its potential for commercial use. These
alterations observed in PLE and PL spectra lead to a
gradual transition of the phosphors’ body color from light
yellow to red, as illustrated in the inset of Fig. 2c. In
correspondence, the color coordinates derived from the
emission spectra of Na1+xMgP1-xSixO4:Eu (x= 0–0.08)
and the powder’s color under UV light shift from orange
to deep-red as Si increases (Fig. 2c).
It is well-known that the luminescent properties of Eu2+

are mainly affected by centroid shift, crystal field splitting
(CFS) and Stokes shift effects34. Among these, the PLE
spectrum is mainly related to the spectroscopic polariz-
ability, which in turn is inversely proportional to the

square of the electronegativity35. The lower electro-
negativity of Si (1.90) compared to P (2.19) results in the
broadening of the PLE spectra in the blue light range upon
the substitution of P5+→Si4+, as depicted in Fig. 2b. With
regard to the redshift in PL spectra, which primarily
associated with the rise in CFS caused by changes in the
local structure of Eu2+ 36. By comparing the Gaussian peak
fitting results of PL spectra at low temperature (78 K) in
Supplementary Fig. S7, it is evident that NaMgPO4:Eu can
be decomposed into a single Gaussian peak, whereas
Na1.06MgP0.94Si0.06O4:Eu requires two Gaussian peaks for
accurate fitting. This indicates that Eu2+ ions may occupy
only one lattice site in the original sample, while after the
introduction of Si, they will occupy two different lattice
sites. To validate this viewpoint, we collected decay curves
at low temperature (78 K) and analyzed the luminescence
dynamic process by fitting them with the mono- and bi-
exponential functions, respectively21:

I ¼
Xn
i¼1

Ai exp � t
τi

� �
ð1Þ

where I is luminescence intensity, t is time, τi represents
lifetime for different components, n is index of mono- and
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bi-exponential functions, and Ai indicates the correspond-
ing fitting constants. The decay curve of NaMgPO4:Eu can
be well fitted by mono-exponential functions, while the
decay trend gradually transitions to a bi-exponential
function after Si doping (Fig. 2d). This result further
demonstrates the transition from single to double lumines-
cent centers. In addition, the measured decay times at room
temperature (300 K) increased from 2.27 to 2.58 μs
(Supplementary Fig. S8 and Supplementary Table S5).
Hirshfeld surface (HS) is an emerging method for ana-

lyzing the strength of intermolecular interactions and
crystal packing37. It not only identifies the existing
intermolecular interactions but also offers details on the
relative surface area associated with each interaction.
Here, we primarily focus on analyzing HS with de that
centered around Na and Mg, where de is defined as the
distance from HS to the nearest atom E external to the
surface. As illustrated in Fig. 2e and Supplementary Table
S6, the introduction of Si led to a gradual increase in the
surface area of NaO6, while the surface area of MgO6

decreased. The Si-O interaction was further examined by
2D fingerprint plots. The surface contribution of Si-O to
NaO6 and MgO6 in Na1.06MgP0.94Si0.06O4:Eu is 12.5% and
26.2% respectively. Since the combined contribution of
P-O and Si-O to the surface remains nearly constant, it
validates that the effective doping of Si will affect the
interaction strength of NaO6 and MgO6.
For a more comprehensive understanding of redshift in

PL spectra, we attempt to explore the alterations in the
distribution of Eu2+ ions pre and post the incorporation
of Si atoms. In the NaMgPO4 host, there are two different
NaO6 and MgO6 sites, both with coordination number of
6, suitable for Eu2+ ion occupation. As Si doping increa-
ses, the distortion index of MgO6 octahedra remains
nearly unchanged, while that of NaO6 octahedra gradually
decreases (Supplementary Fig. S9a). Due to the positive

correlation between CFS and distortion index, the influ-
ence of the distortion index on the redshift can be ruled
out. Additionally, the average bond length of NaO6

polyhedra increases, whereas that of MgO6 exhibits a
decreasing trend (Supplementary Fig. S9b), which is
consistent with the variations in surface area observed in
the above HS calculations. Based on the CFS of the
4fn-15d-levels of Ce3+ and Eu2+ proposed by Dorenbos,
the CFS appears to behave as36:

εcf s ¼ βQpolyR
�2
av ð2Þ

where βQpoly is a constant that depends on the type of
coordination polyhedron, Rav is the average bond length.
It is evident that the CFS is inversely proportional to the
square of the bond length, i.e., the occupancy of Eu2+ ions
in small MgO6 octahedra will result in a large CFS.
Combining the Gaussian peak and decay curve fitting
results, it can be reasonably inferred that Eu2+ occupies
only the larger NaO6 sites in the absence of Si doping
(x= 0) sample. However, when x > 0, Eu2+ will enter both
NaO6 and smaller MgO6 sites, leading to the redshift in
PL spectra.

Enhancing external quantum efficiency
To assess the commercial viability of the as-synthesized

phosphors, their internal quantum efficiency (IQE), external
quantum efficiency (EQE), and absorption coefficient (Abs)
were measured and are exhibited in Fig. 3a. All samples
demonstrate high IQE values exceeding 70%, whereas the
initial sample NaMgPO4:Eu has an EQE value only of 27%
due its weak absorption coefficient (Abs). Fortunately, the
Abs values have increased from 0.37 to 0.68 with rising Si
content, consistent with the values obtained from the diffuse
reflectance spectra (Supplementary Fig. S10a). This leads to
a significant improvement in the EQE values of the
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incorporation of Si ions, the emission peaks shift towards
longer wavelengths from 620 to 675 nm (Fig. 2a),
accompanied by a gradual enhancement in luminescence
intensity, reaching its maximum in the Na1.06MgP0.94-
Si0.06O4:Eu sample (Supplementary Fig. S6). The corre-
sponding PLE spectra for each sample monitored at
optimal emission peak contain a broad band from 280 to
550 nm, arising from the 4f→ 5d transition of Eu2+ (Fig.
2b). It is worth noting that doping Si leads to a progressive
enhancement of the excitation intensity in the blue light
region, enabling better compatibility with blue LED chips
and increasing its potential for commercial use. These
alterations observed in PLE and PL spectra lead to a
gradual transition of the phosphors’ body color from light
yellow to red, as illustrated in the inset of Fig. 2c. In
correspondence, the color coordinates derived from the
emission spectra of Na1+xMgP1-xSixO4:Eu (x= 0–0.08)
and the powder’s color under UV light shift from orange
to deep-red as Si increases (Fig. 2c).
It is well-known that the luminescent properties of Eu2+

are mainly affected by centroid shift, crystal field splitting
(CFS) and Stokes shift effects34. Among these, the PLE
spectrum is mainly related to the spectroscopic polariz-
ability, which in turn is inversely proportional to the

square of the electronegativity35. The lower electro-
negativity of Si (1.90) compared to P (2.19) results in the
broadening of the PLE spectra in the blue light range upon
the substitution of P5+→Si4+, as depicted in Fig. 2b. With
regard to the redshift in PL spectra, which primarily
associated with the rise in CFS caused by changes in the
local structure of Eu2+ 36. By comparing the Gaussian peak
fitting results of PL spectra at low temperature (78 K) in
Supplementary Fig. S7, it is evident that NaMgPO4:Eu can
be decomposed into a single Gaussian peak, whereas
Na1.06MgP0.94Si0.06O4:Eu requires two Gaussian peaks for
accurate fitting. This indicates that Eu2+ ions may occupy
only one lattice site in the original sample, while after the
introduction of Si, they will occupy two different lattice
sites. To validate this viewpoint, we collected decay curves
at low temperature (78 K) and analyzed the luminescence
dynamic process by fitting them with the mono- and bi-
exponential functions, respectively21:

I ¼
Xn
i¼1

Ai exp � t
τi

� �
ð1Þ

where I is luminescence intensity, t is time, τi represents
lifetime for different components, n is index of mono- and
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(x= 0–0.08) phosphors. c CIE chromaticity coordinates of and the image of Na1+xMgP1-xSixO4:Eu
2+ phosphors under daylight and 395 nm UV

irradiation. d Decay curves and fitting results of Na1+xMgP1-xSixO4:Eu
2+ (x= 0, 0.04, 0.08) measured at 78 K under 450 nm pulse laser diode excitation.

e Hirshfeld surface and 2D finger print plots with di and de ranging from 0.6 to 2.4 Å calculated by Crystal Explorer software
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in Fig. 4b offers a more intuitive illustration of the
enhanced thermal stability achieved through Si doping.
The high thermal stability of Na1.06MgP0.94Si0.06O4:Eu
provides assurance for its application in high-power light
sources.
According to the thermal ionization model proposed by

Dorenbos, thermal stability is primarily dictated by the
energy barrier ΔE between the conduction band and the
5 d energy level of Eu2+ ions46. Based on the UV-visible
diffuse reflectance spectra and Kubelka-Munk function
analysis, the Tauc plot in Supplementary Fig. S10c reveals
a decrease in the band gap of the host material from 5.16
to 5.04 eV as the x value increases from 0 to 0.0647.
Additionally, DFT calculations further confirmed a
decreasing trend in the band gap, from 5.16 to 4.56 eV, as
shown in Supplementary Fig. S12. This is inconsistent
with the improvement in thermal stability shown in Fig.
4a, as a smaller ΔE implies a higher TQ effect. Hence, the
recently proposed model for enhancing thermal stability
through defect energy levels should be taken into con-
sideration to elucidate TQ22,48.
Based on the refined results and DFT calculations

above, the substitution of Si4+ for P5+ may introduce
interstitial Na, resulting in the formation of interstitial
defects Na�i , while the high-temperature reducing synth-
esis environment can lead to the formation of oxygen
vacancies VO. Consequently, the Na1s and O1s XPS
spectra of NaMgPO4:Eu and Na1.06MgP0.94Si0.06O4:Eu
were measured and analyzed in Fig. 4c and Supplemen-
tary Fig. S13. The binding energy of 1072 eV corresponds
to lattice Na (NaL), while the peak at 1075 eV in
Na1.06MgP0.94Si0.06O4:Eu is attributed to contributions
from interstitial Na defects (Na�i )

49.There are three fitted
peaks present in both samples, among which the middle
peaks are ascribed to the oxygen vacancy (Supplementary
Fig. S13)50. The changes in the thermoluminescence
spectra offer further support for this hypothesis. As illu-
strated in Fig. 4d, the TL spectrum of Na1.06MgP0.94-
Si0.06O4:Eu exhibits a significant broadening, with two
characteristic trap depths (ET) estimated at 0.68 and
0.87 eV using the crude relationship ET= T/500 eV.
Compared with the shallow trap (VO ~ 0.74 eV) in
NaMgPO4:Eu, the introduction of Si created extra deeper
defect levels (Na�i ~ 0.87 eV). Based on the above analysis,
Fig. 4e depicts a simplified schematic to elucidate the
mechanism of the enhancing thermal stability. As tem-
perature increases, partial electrons transfer to the con-
duction band (CB), initiating the TQ process. For
NaMgPO4:Eu, some excited electrons will be captured by
oxygen defect levels (VO) and subsequently return from
the CB to the 5 d level (process (1)) with the assistance of
thermal vibration. However, the compensatory impact on
TQ is constrained due to the shallow defect energy level
of VO. In contrast, the emergence of additional deeper

defect levels Na�i in Na1.06MgP0.94Si0.06O4:Eu continues to
mitigate the TQ effect, thereby bolstering the material’s
thermal stability.
The moisture stability of phosphors is equally vital

when evaluating their potential for commercial use. To
assess the robustness of Na1.06MgP0.94Si0.06O4:Eu under
extreme environmental conditions, the samples were
exposed to 80% relative humidity and 80 °C for 0-720min,
respectively. Remarkably, despite the harsh conditions,
the emission intensity remained at 96% of the initial value
after the exposure (Fig. 4f and Supplementary Fig. S14b),
and the color of the powders remained almost unchanged.
Furthermore, even after submerging the samples in water
for 365 days (Supplementary Fig. S14a), the intensity
remained above 95%. These results clearly demonstrate
the outstanding water stability of Na1.06MgP0.94-
Si0.06O4:Eu phosphor.

Fabrication and performance of LEDs
To demonstrate the feasibility of the material in plant

lighting, LED devices were prepared using
Na1.06MgP0.94Si0.06O4:Eu and blue GaN (440 nm) chips
for encapsulation. The intensities of the blue and deep-red
emission bands exhibit a continuous increase with
increasing current, without any observed saturation phe-
nomenon in the range of 20–300 mA (Fig. 5a). Figure 5b
depicts the output powers and corresponding photo-
electric efficiencies of the manufactured LED at different
operating currents. As the driving current increases, the
output power gradually rises, reaching a high of 780 mW
at 300mA. However, the electricity to blue and deep-red
efficiency gradually diminishes, attributed to the “effi-
ciency droop” phenomenon of the GaN blue chip. Figure
5c compares the absorption spectra of crucial chlorophyll
a, chlorophyll b and phytochrome-FR for plant photo-
synthesis with the emission spectra of the LED devices. It
is evident that the broad emission band and appropriate
peak position of the Na1.06MgP0.94Si0.06O4:Eu allow the
spectra of the fabricated LED to cover nearly all the
absorption regions of plant phytochromes. These findings
suggest that Na1.06MgP0.94Si0.06O4:Eu can be regarded as a
promising luminescent material for plant lighting.
To visually evaluate the effects of fabricated LEDs on

indoor plant growth, a high-power plant illumination
device with an output power of approximately 20W was
constructed by serially connecting fifty 1W LED units
(Fig. 5d). Initially, the lettuce seeds were soaked in a plant
nutrient solution and incubated for five days to facilitate
seedling growth. Subsequently, the seedlings were divided
into two groups for a control experiment, with one group
being cultivated under natural light, and the other group
receiving additional artificial LED radiation during the
evening. In order to ensure the accuracy of the experi-
mental outcomes, we maintain consistency in the
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phosphor series, with the detailed measuring methods for
EQE outlined in Supplementary Fig. S11. In particular,
compared to the currently developed blue-light-excited red
or deep-red oxide phosphors, such as CsMgPO4:Eu
(CMPO), Sr3YAl2O7.5:Eu (SYAO), LiSrBO3:Eu (LSBO),
Rb3YSi2O7:Eu (RYSO), SrY2O4:Eu (SYO), Sr2Sc0.5Ga1.5O5:Eu
(SSGO), Ca4(PO4)2O:Eu (CPO), Sr2ScAlO5:Eu (SSAO) and
Ca1.2Eu0.8SiO4 (CESO), Na1.06MgP0.94Si0.06O4:Eu possesses a
record-breaking EQE value of 52% (Fig. 3b)25,38–45.
For a deeper insight into the EQE enhancement

mechanism, the valence state of Eu was meticulously
examined using X-ray absorption near-edge structure
(XANES) spectra. Figure 3c shows the normalized Eu-L3
edge XANES spectra of NaMgPO4:Eu and
Na1.06MgP0.94Si0.06O4:Eu with Eu2O3 as a reference. Both
samples exhibit two peaks at 6974.9 eV and 6982.4 eV,
corresponding to the 2p3/2→ 5 d transition of Eu2+ and
Eu3+, respectively. It is important to emphasize that the
relative intensity of the Eu3+ absorption band in
Na1.06MgP0.94Si0.06O4:Eu experienced a notable decrease,
suggesting that a higher Eu2+ content effectively enhances
the absorption coefficient and EQE values. This is
understandable, because as previously mentioned, the
introduction of Si not only leads to Eu2+ occupying the

NaO6 sites but also the MgO6 sites, consequently ampli-
fying the effective luminescent centers of Eu2+. Further-
more, heterovalent doping disrupts the charge
distribution within the structure, limiting the ability of
Eu2+ to occupy Na+ sites. The incorporation of low-
valence Si4+ can facilitate the formation of the equivalent
co-substitution Na+ + P5+$Eu2+ + Si4+, aiding in
restoring a balanced charge state and thereby enhancing
the presence of Eu2+.

Enhancing thermal stability and exceptional water stability
Another crucial characteristic for an excellent phosphor

is its resistance to thermal quenching (TQ). Figure 4a
presents the temperature-dependent integrated emission
intensity of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) within the
temperature range of 25–200 °C. Due to the TQ effect, the
PL intensity of all samples diminishes with rising tem-
peratures. In contrast to NaMgPO4:Eu, the thermal sta-
bility of the Si-doped samples exhibits a gradual
enhancement with the increase in x, reaching its peak at
x= 0.06. Specifically, the most thermally stable phosphor,
Na1.06MgP0.94Si0.06O4:Eu, retains 85.4% of its initial
intensity at room temperature when subjected to 150 °C.
The two-dimensional temperature-dependent PL spectra
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in Fig. 4b offers a more intuitive illustration of the
enhanced thermal stability achieved through Si doping.
The high thermal stability of Na1.06MgP0.94Si0.06O4:Eu
provides assurance for its application in high-power light
sources.
According to the thermal ionization model proposed by

Dorenbos, thermal stability is primarily dictated by the
energy barrier ΔE between the conduction band and the
5 d energy level of Eu2+ ions46. Based on the UV-visible
diffuse reflectance spectra and Kubelka-Munk function
analysis, the Tauc plot in Supplementary Fig. S10c reveals
a decrease in the band gap of the host material from 5.16
to 5.04 eV as the x value increases from 0 to 0.0647.
Additionally, DFT calculations further confirmed a
decreasing trend in the band gap, from 5.16 to 4.56 eV, as
shown in Supplementary Fig. S12. This is inconsistent
with the improvement in thermal stability shown in Fig.
4a, as a smaller ΔE implies a higher TQ effect. Hence, the
recently proposed model for enhancing thermal stability
through defect energy levels should be taken into con-
sideration to elucidate TQ22,48.
Based on the refined results and DFT calculations

above, the substitution of Si4+ for P5+ may introduce
interstitial Na, resulting in the formation of interstitial
defects Na�i , while the high-temperature reducing synth-
esis environment can lead to the formation of oxygen
vacancies VO. Consequently, the Na1s and O1s XPS
spectra of NaMgPO4:Eu and Na1.06MgP0.94Si0.06O4:Eu
were measured and analyzed in Fig. 4c and Supplemen-
tary Fig. S13. The binding energy of 1072 eV corresponds
to lattice Na (NaL), while the peak at 1075 eV in
Na1.06MgP0.94Si0.06O4:Eu is attributed to contributions
from interstitial Na defects (Na�i )

49.There are three fitted
peaks present in both samples, among which the middle
peaks are ascribed to the oxygen vacancy (Supplementary
Fig. S13)50. The changes in the thermoluminescence
spectra offer further support for this hypothesis. As illu-
strated in Fig. 4d, the TL spectrum of Na1.06MgP0.94-
Si0.06O4:Eu exhibits a significant broadening, with two
characteristic trap depths (ET) estimated at 0.68 and
0.87 eV using the crude relationship ET= T/500 eV.
Compared with the shallow trap (VO ~ 0.74 eV) in
NaMgPO4:Eu, the introduction of Si created extra deeper
defect levels (Na�i ~ 0.87 eV). Based on the above analysis,
Fig. 4e depicts a simplified schematic to elucidate the
mechanism of the enhancing thermal stability. As tem-
perature increases, partial electrons transfer to the con-
duction band (CB), initiating the TQ process. For
NaMgPO4:Eu, some excited electrons will be captured by
oxygen defect levels (VO) and subsequently return from
the CB to the 5 d level (process (1)) with the assistance of
thermal vibration. However, the compensatory impact on
TQ is constrained due to the shallow defect energy level
of VO. In contrast, the emergence of additional deeper

defect levels Na�i in Na1.06MgP0.94Si0.06O4:Eu continues to
mitigate the TQ effect, thereby bolstering the material’s
thermal stability.
The moisture stability of phosphors is equally vital

when evaluating their potential for commercial use. To
assess the robustness of Na1.06MgP0.94Si0.06O4:Eu under
extreme environmental conditions, the samples were
exposed to 80% relative humidity and 80 °C for 0-720min,
respectively. Remarkably, despite the harsh conditions,
the emission intensity remained at 96% of the initial value
after the exposure (Fig. 4f and Supplementary Fig. S14b),
and the color of the powders remained almost unchanged.
Furthermore, even after submerging the samples in water
for 365 days (Supplementary Fig. S14a), the intensity
remained above 95%. These results clearly demonstrate
the outstanding water stability of Na1.06MgP0.94-
Si0.06O4:Eu phosphor.

Fabrication and performance of LEDs
To demonstrate the feasibility of the material in plant

lighting, LED devices were prepared using
Na1.06MgP0.94Si0.06O4:Eu and blue GaN (440 nm) chips
for encapsulation. The intensities of the blue and deep-red
emission bands exhibit a continuous increase with
increasing current, without any observed saturation phe-
nomenon in the range of 20–300 mA (Fig. 5a). Figure 5b
depicts the output powers and corresponding photo-
electric efficiencies of the manufactured LED at different
operating currents. As the driving current increases, the
output power gradually rises, reaching a high of 780 mW
at 300mA. However, the electricity to blue and deep-red
efficiency gradually diminishes, attributed to the “effi-
ciency droop” phenomenon of the GaN blue chip. Figure
5c compares the absorption spectra of crucial chlorophyll
a, chlorophyll b and phytochrome-FR for plant photo-
synthesis with the emission spectra of the LED devices. It
is evident that the broad emission band and appropriate
peak position of the Na1.06MgP0.94Si0.06O4:Eu allow the
spectra of the fabricated LED to cover nearly all the
absorption regions of plant phytochromes. These findings
suggest that Na1.06MgP0.94Si0.06O4:Eu can be regarded as a
promising luminescent material for plant lighting.
To visually evaluate the effects of fabricated LEDs on

indoor plant growth, a high-power plant illumination
device with an output power of approximately 20W was
constructed by serially connecting fifty 1W LED units
(Fig. 5d). Initially, the lettuce seeds were soaked in a plant
nutrient solution and incubated for five days to facilitate
seedling growth. Subsequently, the seedlings were divided
into two groups for a control experiment, with one group
being cultivated under natural light, and the other group
receiving additional artificial LED radiation during the
evening. In order to ensure the accuracy of the experi-
mental outcomes, we maintain consistency in the
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phosphor series, with the detailed measuring methods for
EQE outlined in Supplementary Fig. S11. In particular,
compared to the currently developed blue-light-excited red
or deep-red oxide phosphors, such as CsMgPO4:Eu
(CMPO), Sr3YAl2O7.5:Eu (SYAO), LiSrBO3:Eu (LSBO),
Rb3YSi2O7:Eu (RYSO), SrY2O4:Eu (SYO), Sr2Sc0.5Ga1.5O5:Eu
(SSGO), Ca4(PO4)2O:Eu (CPO), Sr2ScAlO5:Eu (SSAO) and
Ca1.2Eu0.8SiO4 (CESO), Na1.06MgP0.94Si0.06O4:Eu possesses a
record-breaking EQE value of 52% (Fig. 3b)25,38–45.
For a deeper insight into the EQE enhancement

mechanism, the valence state of Eu was meticulously
examined using X-ray absorption near-edge structure
(XANES) spectra. Figure 3c shows the normalized Eu-L3
edge XANES spectra of NaMgPO4:Eu and
Na1.06MgP0.94Si0.06O4:Eu with Eu2O3 as a reference. Both
samples exhibit two peaks at 6974.9 eV and 6982.4 eV,
corresponding to the 2p3/2→ 5 d transition of Eu2+ and
Eu3+, respectively. It is important to emphasize that the
relative intensity of the Eu3+ absorption band in
Na1.06MgP0.94Si0.06O4:Eu experienced a notable decrease,
suggesting that a higher Eu2+ content effectively enhances
the absorption coefficient and EQE values. This is
understandable, because as previously mentioned, the
introduction of Si not only leads to Eu2+ occupying the

NaO6 sites but also the MgO6 sites, consequently ampli-
fying the effective luminescent centers of Eu2+. Further-
more, heterovalent doping disrupts the charge
distribution within the structure, limiting the ability of
Eu2+ to occupy Na+ sites. The incorporation of low-
valence Si4+ can facilitate the formation of the equivalent
co-substitution Na+ + P5+$Eu2+ + Si4+, aiding in
restoring a balanced charge state and thereby enhancing
the presence of Eu2+.

Enhancing thermal stability and exceptional water stability
Another crucial characteristic for an excellent phosphor

is its resistance to thermal quenching (TQ). Figure 4a
presents the temperature-dependent integrated emission
intensity of Na1+xMgP1-xSixO4:Eu (x= 0–0.08) within the
temperature range of 25–200 °C. Due to the TQ effect, the
PL intensity of all samples diminishes with rising tem-
peratures. In contrast to NaMgPO4:Eu, the thermal sta-
bility of the Si-doped samples exhibits a gradual
enhancement with the increase in x, reaching its peak at
x= 0.06. Specifically, the most thermally stable phosphor,
Na1.06MgP0.94Si0.06O4:Eu, retains 85.4% of its initial
intensity at room temperature when subjected to 150 °C.
The two-dimensional temperature-dependent PL spectra
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concentration for all samples is 2.5 mol%. The high-purity
NaMgPO4:Eu sample for Rietveld refinement was
obtained using the rapid annealing method, i.e. the sam-
ples were instantly removed from the high-temperature
box furnace under a carbon-reducing atmosphere after
sintering at 1230 °C for 6 h achieve the purpose of instant
annealing.

Characterization
The powder XRD patterns were all checked in range of

2θ= 5°–120° for phase purity using a D8 Advance dif-
fractometer (Bruker Corporation, Germany) operating at
40 kV and 40mA with Cu Ka radiation (λ= 1.5405 Å).
The crystal structure was refined based on the Rietveld
method using TOPAS 4.2 software. The sample
morphologies were analyzed using a scanning electron
microscope (SEM, JEOL JSM-6510A) equipped with an
energy dispersive spectroscopy (EDS) analyzer. Eu L3-
edge XANES and EXAFS data were recorded on the
beamline at the Beijing Synchrotron Radiation Facility
(1W1B). The photoluminescence (PL) and photo-
luminescence excitation spectra (PLE) were monitored
using a spectrometer (FLS 1000, Edinburgh) equipped
with a 450W xenon (Xe) lamp and a temperature control
instrument. Diffuse reflectance spectra were recorded on
a Hitachi UH4150 ultraviolet-visible-near infrared spec-
trophotometer. The room temperature (300 K) and low
temperature (80 K) decay curves were measured using an
FLS1000 instrument equipped with a 450 nm pulse laser
diode as the excitation source, and liquid nitrogen was
utilized to cool the temperature. The quantum efficiency
(QE) was measured using the FLS1000 attached a barium
sulfate coated integrating sphere. Thermoluminescence
(TL) spectra were monitored by a TOSL-3DS instrument
(Ai-di-rui-sheng Company, China) equipped with UV
radiation source. X-ray photoelectron spectroscopy (XPS)
spectra were measured at room temperature using an VG
ESCALABMK II electron spectrometer with a Mg Kα
(1200 eV) line.

Fabrication of pc-LED
Phosphor converted LED (pc-LED) devices were fabri-

cated by integrating the Na1.06MgP0.94Si0.06O4:Eu on an
GaN LED chip (λmax= 440 nm). The devices were
encapsulated in a phosphor/silicone resin mixture, and
then cured in an oven at 120 °C for 2 h to form the final
pc-LEDs devices. Photoelectric properties of the as-
fabricated pc-LEDs were measured using auto-
temperature LED opto-electronic analyser (ATA-1000,
Everfine, China).

Plant cultivation
Plant seeds are firstly germinated and grown into

seedlings using plant nutrient solution. Afterward, the

seedlings are divided into two groups, a control group
(referred to as CG) and an experimental group (referred
to as EG). Both groups of lettuce receive the same sunlight
during the day, but at night the control group is placed in
a dark environment, while the experimental group is
exposed to deep-red light from the fabricated LEDs for
12 h. Cultivate under the above specified conditions for
40 days and observe the growth trend changes of two
groups of lettuce.

Calculations
To investigate the structural properties, we carried out

all periodic DFT calculations of NaMgPO4 based on the
density functional theory (DFT)51,52. Supercell of
NaMgPO4 were established to replace P to Si or add Na in
the vacancy of the lattice. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional was employed as the exchange-
correlation potential. The cut-off energy Ecut of 500 eV
was used throughout all the calculations. A gamma-
centered 3 × 3 × 3 k-mesh grid in the Brillouin zone was
applied to determine the self-consistent charge density
using Monkhorst-Packscheme. The crystal lattice was
fully relaxed until the atomic force was less than 0.02 eV/
Å. The energy convergence criterion for self-consistent
electronic calculation was set to 10−5 eV/atom.
To investigate the effects of external atoms on the NaO6

and MgO6 polyhedra, calculations of the Hirshfeld sur-
faces were conducted using Crystal Explorer software.
Crystal Explorer is a crystal visualization software based
on quantum mechanical theory for the study of inter-
molecular interactions and stacking in crystalline mate-
rials by Hirshfeld surface analysis. The selection of the
corresponding surfaces enables accurate and efficient
calculations of the energy of intermolecular interactions
and energy frames. By mapping these properties, as well as
other distance- and curvature-dependent metrics on
Hirshfeld surfaces, Crystal Explorer provides unique
insights into the intracrystalline environment.
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concentration and volume of the nutrient solution utilized
for both groups. The image depicted in Fig. 5d illustrates
that following a 40-day cultivation period, the lettuce
exposed to supplemental LED light displayed a distinct
growth advantage. This further confirms that artificial
LED lighting effectively complements the essential
absorption light of phytochromes, thereby promoting
plant growth, regardless of the indoor lighting conditions.
Therefore, the deep-red phosphor Na1.06MgP0.94-
Si0.06O4:Eu holds promising prospects for applications in
indoor cultivation.

Discussion
In conclusion, we have successfully synthesized a phase

stable olivine Na1.06MgP0.94Si0.06O4:Eu deep-red phos-
phor through compositional engineering, showcasing high
EQE and excellent thermal stability. The PL spectra of
composition-exchanged phosphors exhibited a significant
redshift from the pristine red to the deep-red region due
to the replacement of P5+ ions with Si4+ ions. Simulta-
neously, the excitation intensity in the blue light region is
notably amplified, enabling better compatibility with blue
GaN chips. Furthermore, the introduction of Si not only
increases the number of Eu2+ luminescent centers,
boosting EQE from 27% to 52%, but also introduces

additional deep defect levels, improving thermal stability
from 62.5% to 85.4%. In addition, Na1.06MgP0.94-
Si0.06O4:Eu demonstrates outstanding water stability,
retaining more than 95% of its original luminescent
intensity even after submersion in water for one year. The
performance of encapsulated LEDs and the comparison of
lettuce growth trends suggest that Na1.06MgP0.94-
Si0.06O4:Eu can be considered an alternative phosphor for
plant lighting.

Materials and methods
Sample preparation
The traditional solid-state reaction synthesis is con-

ducted using Na2CO3 (99.9%), MgO (99.9%), NH4H2PO4

(99.9%), SiO2 (99.9%), and Eu2O3 (99.99%) as raw mate-
rials. The stoichiometric mixtures were thoroughly
grounded and transferred into an alumina crucible and
pre-sintered at 600 °C for 4 h in ambient air to decompose
the ammonium and carbonate components. They were
then re-ground and sintered individually at 1230 °C,
1250 °C, 1280 °C, 1290 °C, and 1300 °C for 6 h in a forming
gas atmosphere (N2:H2= 80:20) to produce samples of
NaMgPO4:Eu, Na1.02MgP0.98Si0.02O4:Eu, Na1.04MgP0.96-
Si0.04O4:Eu, Na1.06MgP0.94Si0.06O4:Eu and Na1.08MgP0.92-
Si0.08O4:Eu samples, respectively. The Eu doping
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concentration for all samples is 2.5 mol%. The high-purity
NaMgPO4:Eu sample for Rietveld refinement was
obtained using the rapid annealing method, i.e. the sam-
ples were instantly removed from the high-temperature
box furnace under a carbon-reducing atmosphere after
sintering at 1230 °C for 6 h achieve the purpose of instant
annealing.

Characterization
The powder XRD patterns were all checked in range of

2θ= 5°–120° for phase purity using a D8 Advance dif-
fractometer (Bruker Corporation, Germany) operating at
40 kV and 40mA with Cu Ka radiation (λ= 1.5405 Å).
The crystal structure was refined based on the Rietveld
method using TOPAS 4.2 software. The sample
morphologies were analyzed using a scanning electron
microscope (SEM, JEOL JSM-6510A) equipped with an
energy dispersive spectroscopy (EDS) analyzer. Eu L3-
edge XANES and EXAFS data were recorded on the
beamline at the Beijing Synchrotron Radiation Facility
(1W1B). The photoluminescence (PL) and photo-
luminescence excitation spectra (PLE) were monitored
using a spectrometer (FLS 1000, Edinburgh) equipped
with a 450W xenon (Xe) lamp and a temperature control
instrument. Diffuse reflectance spectra were recorded on
a Hitachi UH4150 ultraviolet-visible-near infrared spec-
trophotometer. The room temperature (300 K) and low
temperature (80 K) decay curves were measured using an
FLS1000 instrument equipped with a 450 nm pulse laser
diode as the excitation source, and liquid nitrogen was
utilized to cool the temperature. The quantum efficiency
(QE) was measured using the FLS1000 attached a barium
sulfate coated integrating sphere. Thermoluminescence
(TL) spectra were monitored by a TOSL-3DS instrument
(Ai-di-rui-sheng Company, China) equipped with UV
radiation source. X-ray photoelectron spectroscopy (XPS)
spectra were measured at room temperature using an VG
ESCALABMK II electron spectrometer with a Mg Kα
(1200 eV) line.

Fabrication of pc-LED
Phosphor converted LED (pc-LED) devices were fabri-

cated by integrating the Na1.06MgP0.94Si0.06O4:Eu on an
GaN LED chip (λmax= 440 nm). The devices were
encapsulated in a phosphor/silicone resin mixture, and
then cured in an oven at 120 °C for 2 h to form the final
pc-LEDs devices. Photoelectric properties of the as-
fabricated pc-LEDs were measured using auto-
temperature LED opto-electronic analyser (ATA-1000,
Everfine, China).

Plant cultivation
Plant seeds are firstly germinated and grown into

seedlings using plant nutrient solution. Afterward, the

seedlings are divided into two groups, a control group
(referred to as CG) and an experimental group (referred
to as EG). Both groups of lettuce receive the same sunlight
during the day, but at night the control group is placed in
a dark environment, while the experimental group is
exposed to deep-red light from the fabricated LEDs for
12 h. Cultivate under the above specified conditions for
40 days and observe the growth trend changes of two
groups of lettuce.

Calculations
To investigate the structural properties, we carried out

all periodic DFT calculations of NaMgPO4 based on the
density functional theory (DFT)51,52. Supercell of
NaMgPO4 were established to replace P to Si or add Na in
the vacancy of the lattice. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional was employed as the exchange-
correlation potential. The cut-off energy Ecut of 500 eV
was used throughout all the calculations. A gamma-
centered 3 × 3 × 3 k-mesh grid in the Brillouin zone was
applied to determine the self-consistent charge density
using Monkhorst-Packscheme. The crystal lattice was
fully relaxed until the atomic force was less than 0.02 eV/
Å. The energy convergence criterion for self-consistent
electronic calculation was set to 10−5 eV/atom.
To investigate the effects of external atoms on the NaO6

and MgO6 polyhedra, calculations of the Hirshfeld sur-
faces were conducted using Crystal Explorer software.
Crystal Explorer is a crystal visualization software based
on quantum mechanical theory for the study of inter-
molecular interactions and stacking in crystalline mate-
rials by Hirshfeld surface analysis. The selection of the
corresponding surfaces enables accurate and efficient
calculations of the energy of intermolecular interactions
and energy frames. By mapping these properties, as well as
other distance- and curvature-dependent metrics on
Hirshfeld surfaces, Crystal Explorer provides unique
insights into the intracrystalline environment.
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concentration and volume of the nutrient solution utilized
for both groups. The image depicted in Fig. 5d illustrates
that following a 40-day cultivation period, the lettuce
exposed to supplemental LED light displayed a distinct
growth advantage. This further confirms that artificial
LED lighting effectively complements the essential
absorption light of phytochromes, thereby promoting
plant growth, regardless of the indoor lighting conditions.
Therefore, the deep-red phosphor Na1.06MgP0.94-
Si0.06O4:Eu holds promising prospects for applications in
indoor cultivation.

Discussion
In conclusion, we have successfully synthesized a phase

stable olivine Na1.06MgP0.94Si0.06O4:Eu deep-red phos-
phor through compositional engineering, showcasing high
EQE and excellent thermal stability. The PL spectra of
composition-exchanged phosphors exhibited a significant
redshift from the pristine red to the deep-red region due
to the replacement of P5+ ions with Si4+ ions. Simulta-
neously, the excitation intensity in the blue light region is
notably amplified, enabling better compatibility with blue
GaN chips. Furthermore, the introduction of Si not only
increases the number of Eu2+ luminescent centers,
boosting EQE from 27% to 52%, but also introduces

additional deep defect levels, improving thermal stability
from 62.5% to 85.4%. In addition, Na1.06MgP0.94-
Si0.06O4:Eu demonstrates outstanding water stability,
retaining more than 95% of its original luminescent
intensity even after submersion in water for one year. The
performance of encapsulated LEDs and the comparison of
lettuce growth trends suggest that Na1.06MgP0.94-
Si0.06O4:Eu can be considered an alternative phosphor for
plant lighting.

Materials and methods
Sample preparation
The traditional solid-state reaction synthesis is con-

ducted using Na2CO3 (99.9%), MgO (99.9%), NH4H2PO4

(99.9%), SiO2 (99.9%), and Eu2O3 (99.99%) as raw mate-
rials. The stoichiometric mixtures were thoroughly
grounded and transferred into an alumina crucible and
pre-sintered at 600 °C for 4 h in ambient air to decompose
the ammonium and carbonate components. They were
then re-ground and sintered individually at 1230 °C,
1250 °C, 1280 °C, 1290 °C, and 1300 °C for 6 h in a forming
gas atmosphere (N2:H2= 80:20) to produce samples of
NaMgPO4:Eu, Na1.02MgP0.98Si0.02O4:Eu, Na1.04MgP0.96-
Si0.04O4:Eu, Na1.06MgP0.94Si0.06O4:Eu and Na1.08MgP0.92-
Si0.08O4:Eu samples, respectively. The Eu doping
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Fig. 5 Performance and application of fabricated pc-LEDs. a Electroluminescent (EL) spectra and photographs of the LED fabricated using a GaN
chip (λmax= 440 nm) and Na1.06MgP0.94Si0.06O4:Eu

2+ phosphor encapsulation under current of 20-300mA. b Output power, electricity-to-blue light
and electricity-to-purple light conversion efficiency under various drive current. c Comparation of the EL spectra of fabricated LED with absorption
spectra of chlorophyll-a, chlorophyll-b and phytochrome-FR in plants. d Schematic diagram of commercial 4R1B plant growth lighting device and the
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