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The intensity and quality of the artificial light used in ‘‘green” plant cultivation greatly affect plant mor-
phogenesis and physiological responses. Light-conversion films based on phosphors that can enable the 
precise conversion of ultraviolet (UV) radiation into photosynthetically active radiation (i.e., red light) 
hold great promise for next-generation ecological agriculture. However, conventional red phosphors 
often suffer from low stability or emit a short-wavelength red light more suitable for display than plant 
growth, limiting their agricultural applications. Herein, a weather-resistant Mn4+-doped yttrium alu-
minum garnet (YAG:Mn4+ ) deep red phosphor with a strong emission peak at 672 nm was synthesized. 
The phosphor’s luminescent properties were optimized by introducing Mg2+ as a charge compensator, 
thereby significantly increasing the phosphor’s emission intensity. Detailed photoluminescence and ther-
mal quenching behaviors were investigated through comprehensive spectroscopic analyses. Light-
conversion film made of biodegradable polyvinyl alcohol and the prepared phosphors was utilized to
intensify the process of cultivating pea seedlings. As a proof of concept, a preliminary study under sun-
light with an additional UV lamp demonstrated that treatment with the prepared light-conversion film
enhanced the growth of pea seedlings. These improvements can be attributed to the effective conversion
of UV radiation, which is useless for plant growth, into beneficial red light. The results demonstrate the
potential of YAG:Mn4+–Mg2+-based phosphor films to improve agricultural productivity and promote
eco-friendly cultivation practices.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

Photosynthesis is the basis of agricultural production, and the 
essence of photosynthesis is a chemical transformation process 
driven by light energy in which sunlight is absorbed to synthesize
energy-rich compounds from water and carbon dioxide (CO2),
which are then used to produce the biomass of living organisms
[1–3]. As the human population continues to grow rapidly, increas-
ing requirements for food, materials, and energy have created a
need to increase both the amount of photosynthesis occurring 
and the efficiency of converting photosynthetic output into prod-
ucts useful to people [4–6]. Light is the most important environ-
mental factor for agricultural production, as it not only provides 
energy for photosynthesis but also acts as a modulating signal
for many aspects of plant growth and reproduction [7,8]. Research 
has shown that photons of different wavelengths in sunlight have 
significantly different botanical effects, affecting plants’ morpho-
logical structure [9], chemical composition [10,11], photosyn thesis
[12,13], and organ growth [9,14,15]. For example, a study on the 
effects of light-emitting diode (LED) light supplementation on 
strawberries concluded that red light induces the highest plant
productivity and targets anthocyanin accumulation, whereas blue
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and green light increase the accumulation of primary and sec-
ondary metabolites [16]. Based on intelligent regulatory systems, 
modern agriculture can precisely regulate the wavelength and 
intensity of the light reaching crops, optimize nutrition through
various nutrient solutions, and make full use of solar energy [17] 
to stimulate plant growth and increase its nutritional value. In this 
way, agriculture is liberated from complete dependence on the
natural environment, opening up a new world of science and tech-
nology for agricultural production [18].

The use of light-conversion film can play a dual role, both acting 
as an ordinary agricultural film to preserve moisture and heat and 
converting the portion of natural solar radiation useless for plant
growth into light that promotes plant growth, without any other
energy inputs [15,19]. For producing an excellent light-
conversion film, light-conversion materials that are extremely 
weather-proof and have the desired optical properties and no tox-
icity are ideal [20]. At present, Eu2+-doped nitride phosphors are 
the most mature red-light-emitting materials, with high quantum 
efficiency and a high quenching temperature. However, the prepa-
ration of nitride phosphors requires harsh conditions, usually being
carried out in an inert gas atmosphere or even under high temper-
atures or pressures [21,22]. The transition metal ion Mn4+ has been 
considered as a promising red-emission luminescent center, and 
fluoride phosphor doped with Mn 4+ successfully achieves the deep
red emission required by plants, with a quantum efficiency of more
than 95% [23,24]. However, toxic hydrofluoric acid (HF) is used in 
the preparation process of this phosphor; moreover, the phosphor
is unstable under high humidity, generating toxic HF, which limits
its application in agriculture [25,26]. In recent years, Mn4+-doped 
oxide phosphors have attracted attention for their simple prepara-
tion process and high environmental stability [22,27]. Among 
oxide phosphors, the structure of yttrium aluminum garnet 
(YAG) is stable from a chemical and photochemical point of view,
and phosphors possessing this structure generally show high sta-
bility [28–30]. In addition, the ionic radius of Mn4+ (0.53 Å) is sim-
ilar to that of the aluminum (Al) in YAG (0.535 Å), which has an
octahedral geometry (coordination number (CN) =6); thus, Mn4+

can be doped into YAG and remain stable [31]. Since Al3+ and 
Mn4+ have different valence states, charge compensation is 
required. To achieve this, some of the doped manganese (Mn) ions
may be reduced to a trivalent state, although this weakens the
luminescence intensity of the phosphor [31,32]. Thus far, several 
charge compensators have been studied for use in stabilizing 
Mn4+ ions and improving the luminescent properties of Mn4+-
doped phosphors [27,31]. 

In this work, various divalent metal ions (M2+ , where M=Mg, 
Zn, Ca, or Ba) were co-doped into YAG:Mn4+ as a charge compen-
sator in order to improve the phosphor’s luminescent properties. 
Based on the results, the effects of the doping sites (i.e., the dodec-
ahedral Y3+ site or the octahedral Al3+ site) of M2+ in terms of the 
resulting luminescent properties were investigated. The phosphors 
were synthesized in sub-micron particles using a sol–gel method 
to prepare a uniform luminescent film. The most efficient phos-
phors, which have a red emission peak at 672 nm when excited 
in a wide wavelength range from ultraviolet (UV) to green light,
were obtained by substituting Al3+ with Mg2+. This YAG:Mn4+–
Mg2+ deep red phosphor was investigated in detail using low-
temperature spectroscopy, vacuum ultraviolet (VUV) spectroscopy,
chemical durability testing, and so forth. The YAG:Mn4+–Mg2+

phosphor maintained intensities of 73%, 88%, and 78% with respect
to the original luminescence intensity after being immersed in
deionized water for 15 d, treated with acid for 5 h, and treated with
alkali for 5 h, respectively. The YAG:Mn4+–Mg2+ phosphor was also
mixed with biodegradable polyvinyl alcohol (PVA) [33] to form a 
light-conversion film that absorbed the useless UV and green 
bands of the natural solar spectrum and emitted the deep red light
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favorable to photosynthesis. The prepared film was used in the 
growing process of pea seedlings, using conditions similar to those
reported previously [34,35]. The height of the pea seedlings above 
the root, their fresh weight, and their b-carotene content increased
by 41.3%, 39.0%, and 14.22%, respectively, after treatment with the
light-conversion film.
2. Experimental procedure

2.1. Materials 

The raw materials used to obtain the Y3Al5O12 (YAG) host were 
Al(NO3)3∙9H2O and Y(NO3)3∙6H2O. Samples with different concen-
trations of Mn4+ —that is, YAG:mMn4+ (m=0.05%, 0.1%, 0.2%, and 
0.3% for the octahedral site)—were prepared by doping Mn into 
the YAG host, for which the Mn source was Mn(NO3)2∙4H2O. The 
YAG was co-doped with Mg2+ ,  Zn2+ ,  Ca2+ ,  or  Ba2+ as a charge com-
pensator to optimize its luminescence. The following samples were 
prepared: YAG:Mn4+ –nMg2+ (n=0%, 2%, 4%, and 8% for the octahe-
dral site). The Al(NO3)3∙9H2O, Y(NO3)3∙6H2O, Mn(NO3)2∙4H2O, Mg
(NO3)2∙6H2O, Zn(NO3)2∙6H2O, Ca(NO3)2∙4H2O, BaCl2∙2H2O, and
citric acid were purchased from Shanghai Maclin Biochemical
Technology Co., Ltd. (China); all these chemicals had a trace metal
purity of 99.9%. PVA with an average degree of aggregation of
1750±50 was purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. (China). All chemicals were used without any additional
purification, unless otherwise mentioned.

2.2. Synthesis of the phosphors

The garnet matrix phosphors were prepared by means of the
sol–gel method [36], with a molar ratio of citric acid to metal 
cations of 1.5:1.0. In brief, a solution of citric acid with a concentra-
tion of 0.72 mol∙L−1 and a nitrate solution with a total metal cation 
concentration of 0.48 mol∙L−1 were prepared. These two solutions 
were then mixed and heated at 75 °C for 6 h to obtain a yellowish
sol. The sol was placed in an oven and dried at 120 °C for 12 h to
obtain a loose and porous dry gel. Finally, the dry gel powder
was calcined at 1200 °C for 4 h in a muffle furnace to obtain the
phosphors.

2.3. Preparation of the light-conversion film

In this work, biodegradable PVA was selected as the film mate-
rial. Two grams of PVA were added to 20 mL of deionized water 
and heated in a water bath at 95 °C with stirring until completely 
dissolved. A certain amount of red phosphor, as prepared in the
previous step, was then added to this aqueous PVA solution, and
the mixture was stirred continuously for 1 h. The mixture was
placed in a Teflon mold and left at room temperature to remove
bubbles and water, yielding the light-conversion film.

2.4. Cultivation of pea seedlings under the light-conversion film

In this work, pea seedlings—a common vegetable—were 
selected as the sample, and the influence of light on the seedlings’ 
growth was investigated. In the experiment, the pea seedlings 
were maintained in the same environment, including water, tem-
perature (maintained at (25±1) °C), and other factors, to avoid 
unnecessary influences aside from the changes in lighting. As a 
proof of concept, an additional UV lamp (6 W, emission range
300–400 nm, peak at 365 nm) was used for both groups to make
the eventual difference between them more apparent. The expo-
sure duration was set at 24 h per day for 8 consecutive days. The
light-conversion film was placed between the pea seedlings and
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the UV lamp in the experimental group. In order to avoid the influ-
ence of PVA film, a blank PVA film was placed between the control 
group and the UV light. After the exposure period, representative 
seedlings from both the experimental and control groups were 
sampled for growth evaluation. The fresh weight and length of 
each seedling were measured immediately. Subsequently, the sam-
ples were placed in a drying oven at 60 °C until a constant weight
was achieved, and the dry weight was recorded. Finally, the b-
carotene content of the pea seedlings was measured by means of
an enzyme-linked immunosorbent assay (ELISA).

2.5. Characterizatio n

Morphology studies were performed using scanning electron 
microscopy (SEM; ZEISS GeminiSEM 300, Carl Zeiss AG, Germany). 
The crystal structures of the samples were characterized using X-
ray diffraction (XRD; Ultima IV, Rigaku Corporation, Japan). The 
in-situ XRD was measured at a heating rate of 10 K∙min−1 , with 
measurements taken every 20 K. Rietveld structural refinement 
was performed using the Generalized Structure Analysis System 
(GSAS) program. Fourier-transform infrared (FTIR) spectroscopy 
(Spectrum GX FT-IR, PerkinElmer, Inc., USA) was performed at 
wavenumbers of 4000–400 cm−1 . The fluorescence spectra of the 
phosphors and phosphor films were measured using a spectropho-
tometer (FS5, Edinburgh Instruments Ltd., UK) at an excitation 
wavelength of 365 nm. X-ray photoelectron spectroscopy (XPS) 
analysis was observed on an ESCALAB 250 (Thermo Fisher Scien-
tific, Inc., USA). Thermogravimetric analysis (TGA; TGA Q50, TA 
Instruments, USA) was performed from 313 to 1273 K. To deter-
mine the photoluminescence (PL) and photoluminescence excita-
tion (PLE), the phosphor was excited at a low temperature using 
an optical parametric oscillator laser (NT342B-20-SH/SF, EKSPLA, 
Lithuania), and the emission spectrum were recorded with a 
charge-coupled device (CCD) detector (Glacier X, B&W Tek Inc., 
Japan). Specifically, PL spectra were collected under excitation
from 250 to 595 nm with a step size of 1 nm, and the PLE curve
was obtained by integrating the emission intensity of each PL spec-
trum. Based on the equipment, the temperature-dependent PL was
measured by heating the phosphor from 5 to 310 K at a rate of
10 K∙min−1. Thermoluminescence (TL) glow curve spectra were
recorded using a custom-made measurement system. The sample
was initially cooled to 85K and then stimulated by the excitation
sources for 5min. The sample was then heated to 700K at a heat-
ing rate of 10K∙min−1, and the emission intensity was recorded in
real time. High-resolution VUV spectroscopy of YAG:Mn4+–Mg2+

was conducted at 10K using the beamline BL3B at the Ultraviolet
Synchrotron Orbital Radiation (UVSOR) Facility (IMS Program,
24IMS6020, Institute for Molecular Science, Japan). Raman spectra
were recorded using a LabRAMHR Evolution spectrometer (Horiba,
Ltd., Japan) with a 785 nm near-infrared excitation laser.
3. Results and discussion

The phase-formation process of YAG during the calcination of 
the dried gel was characterized by in-situ XRD (Fig. 1(a)). Due to 
the use of a corundum sample holder, strong peaks matching the 
reference pattern of Al2O3 (the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card No. 02-1227) were present in the back-
ground. The characteristic peaks of Y3Al5O12 (JCPDS card No. 33-
0040) began to appear at 1103 K and became stronger as the tem-
perature increased, which is consistent with the conclusion that
sol–gel methods can lower the phase-formation temperature.
Additionally, TGA revealed a significant weight loss in the calcining
process, which resulted from the volatilization and decomposition
of crystallization water and organic components in the gel
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(Fig. 1(b)). This also explains why the corundum peaks in the in-
situ XRD patterns intensified with increasing temperature, as the 
shrinkage of the powder volume may have led to increased detec-
tion of the sample holder. Based on the TGA curve, we selected sev-
eral representative temperature points and performed FTIR on the
corresponding products (Fig. 1(c)). The untreated sample exhibited 
prominent absorption bands in the range of 3700–3000 cm−1 , 
indicative of hydroxyl (OH) groups, and in the range of 1500– 
1300 cm−1 suggesting the presence of carbonate (CO3 

2− ) species, 
which were attributed to water and citric acid. As the temperature 
increased to 593 K, the intensity of the OH stretching vibrations
decreased significantly, indicating a partial removal of adsorbed
water. At 773 K, the carbonate peaks further diminished, and
new absorption features emerged in the 1000–800 cm−1 region.
As the temperature reached 1273 K, the FTIR bands became more
distinct, indicating the appearance of crystal [36]. In fact, crystal-
lization at higher temperatures above 1103 K was observed from 
the in-situ XRD. The results further confirmed that the heating pro-
cess involved the evaporation of crystallization water, the decom-
position of organic components, and the phase formation of YAG.

As shown in the Tanabe–Sugano diagram in Fig. 2(a), the free-
ion terms of Mn4+ are 4 F, 4 P, and 4 G, where 4 F is the ground term, 
4 P is an excited term, and 4 G is a higher-energy excited term. The 
Mn4+ ions can be strongly excited from the 4 A2 ground state 
derived from 4 F to the 4 T1 and 4 T2 excited states respectively orig-
inating from 4 F and 4 G via spin-allowed transitions; they then pro-
duce 2 E → 4 A2 red luminescence in the strong crystal field. Here, 
the term symbols such as 4 A2, 2 E, 4 T1, and 4 T2 denote the crystal 
filed electronic states of Mn4+ in octahedral coordination. The let-
ters A, E, and T represent singly, doubly, and triply degenerate
states, respectively. The superscript numbers indicate the spin
multiplicity (2S+1, where S is the total spin quantum number).
The subscript numbers distinguish different irreducible represen-
tations with the same degeneracy under crystal-field symmetry.
The Mn4+ ions in the YAG host occupy the aluminum (Al) octahe-
dral sites because the ionic radius of Mn4+ (0.53 Å) is similar to that
of the Al3+ (0.535 Å) in its octahedral geometry (CN=6). The PL and
PLE spectra of YAG:Mn4+ at room temperature are shown in
Fig. 2(b), which shows that the phosphors exhibit several broad 
excitation bands in the range of 250–550 nm when monitored at 
the emission wavelength (kem) of 672 nm and a narrow red lumi-
nescence peak at 672 nm under 320 nm excitatio n wavelength
(kex). The luminescence data were processed with International
Commission on Illumination (CIE) 1931 to obtain chromaticity
coordinates of (0.714, 0.286) for phosphor excited by UV light at
365 nm (Fig. S1 in Appendix A). The color purity of the 
YAG:Mn4+ –Mg2+ was calculated using the following equation [22]:

Color purity 
x xi 

2 y yi 
2 

xd x i 2 yd yi
2

100% 1

where (x, y) represents the CIE chromaticity coordinates of the 
phosphor; (xd, yd) represents the CIE chromaticity coordinates of 
the dominant wavelength point (672 nm); and (xi, yi ) represents
the CIE chromaticity coordinates of standard white light (0.333,
0.333). The color purity of this phosphor is 94.96%, indicating excel-
lent color quality.

Since Al3+ and Mn4+ have different valence states, some man-
ganese ions may be stabilized as Mn3+ ions, which act as quenching
centers to weaken the luminescence intensity of the phosphor, as
shown in Fig. 2(c). Low-valence-state dopants can act as a charge 
compensator for Mn 4+ in YAG, increasing the luminescence inten-
sity [32]. In this work, we choose divalent cations (M2+ , where 
M= Mg, Zn, Ca, or Ba) with different ionic radii—as listed in
Table S1 in Appendix A—as charge compensators to exclude the
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Fig. 1. (a) In-situ XRD analysis tests during calcination; (b) TGA curve of the precursor, at a heating rate of 10 K∙min−1; (c) FTIR of products obtained at different temperatures.

 

influence of valence states and explore the influence of doping sites 
on the luminescence properties. In the YAG host, there are two 
doping-site possibilities for M2+ : those of the 6-coordination Al3+ 

(CN =6) or the 8-coordination Y3+ (CN=8), determined by the ionic
radii of M2+. In both cases, a Mn4+ ion in an octahedral Al site

can be charge-compensated like and The phosphors 
with different charge compensators matched well with the pure 
YAG phase (JCPDS card No. 33-0040), as shown in Fig. 2(d). Thus, 
the co-dopant ions were also substituted into the YAG crystal. To 
further distinguish between these different doped materials, the
Raman spectra of the samples were characterized (Fig. S2 in 
Appendix A). For the strong red emission at 672 nm from Mn4+ ,  a
wavelength of 785 nm in the near-infrared range was chosen to 
obtain the Raman spectrum. The obtained Raman spectrum can 
be divided into three frequency regions: the low-frequency region 
(<500 cm–1 ), the intermediate region (500–600 cm–1 ), and the 
high-frequency region (600–900 cm–1 ). The YAG:Mn4+ –Ba2+ sam-
ple exhibited peaks that differed from the typical YAG Raman spec-
tra; this might be due to the significant difference in ionic radii
between the Ba2+ and the doping sites, which made it impossible
for the Ba ions to smoothly replace the original ions. As the ionic
radius of the charge compensator decreased, the Raman peaks
became progressively sharper, suggesting an enhancement in
structural symmetry and crystallinity. Among all the samples, the
sample co-doped with Mg2+ displayed the sharpest and most
well-defined Raman features, indicating that Mg2+ was the most
effective ion for doping the site. Fig. 2(e) shows the diffuse reflec-
tion spectra of undoped and M2+-doped YAG:Mn4+ samples, 
respectively. All samples with a charge compensator show a strong 
drop in the reflection spectrum in the UV range at around 334 nm, 
corresponding to the charge transfer (CT) band between O2– and 
Mn4+ . For YAG:Mn4+, a UV absorption band is observed at around
280 nm, which is different from the UV absorption band of the
co-doped samples. In addition, there is no absorption band in the
visible range. For the YAG:Mn4+–M2+ samples, an additional

(MnAl) MY MAl. 
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absorption band is observed at 500 nm, which can be attributed 
to the 4 A2 → 4T1 transition of the Mn4+ ions [37]. These results 
show that the presence of a charge compensator increases the con-
tent of tetravalent manganese ions in YAG; almost all the man-
ganese ions in the YAG:Mn4+ sample change into Mn3+, and the
UV band at 280 nm of YAG:Mn4+ is likely due to the CT between
O2– and Mn3+.

Here, we would like to discuss the site occupancy of the charge 
compensators. Considering a 30% tolerance of the ionic radii of 
Al3+ (CN=6) and Y3+ (CN=8), the YAG host can accept ions with 
an ionic radius of 0.375–0.696 Å in Al sites and an ionic radius of 
0.713–1.330 Å in yttrium (Y) sites. Thus, almost all the divalent
co-dopants—except for Ba2+—can occupy the dodecahedral Y site,
but this is not the case for the octahedral Al site. However, it is
known that {NaCa2}[Mg2](V3)O12 and {NaCa2}[Zn2](V3)O12 have a
garnet structure [38]. It should be noted that these materials with 
garnet structures have much larger lattice constants than YAG, 
which affects their tolerance for the ionic radius of doping ions. 
The substitution of Ca2+ to an octahedral site within a garnet struc-
ture is very rare, but substitution does occur with Ba2+. Thus, a
small amount of Mg2+ and Zn2+ ions may occupy octahedral sites
even in the YAG host. However, it is also known that, while
{Ca3}[Sc2](Si3)O12 [39] and {Y2Mg}[Mg2](Ge3)O 12 [40] garnet struc-
tures exist, dodecahedral barium (Ba) garnets and dodecahedral 
zinc (Zn) garnets have never been reported. Based on this fact, it 
appears that Ca2+ and Zn2+ ions can be substituted into the dodec-
ahedral Y site and the octahedral Al site, respectively. Mg2+ ions
have two possible substitution sites—the dodecahedral site and
the octahedral site. Ba ions are only able to occupy dodecahedral
sites due to their large ionic radius.

To further identify the crystallographic site occupation of the 
charge compensation in the YAG host, Rietveld structural refine-
ment was performed with two conditions (dodecahedral-site and
octahedral-site occupations) using the GSAS program, as shown
in Figs. S3(a)–(d) in Appendix A [41]. Based on the smaller residual
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Fig. 2. (a) Tanabe–Sugano diagram of a Mn4+ ion in an octahedron geometry (E: the energy of the corresponding crystal-field state; B: Racah parameter; Dq: the crystal field 
splitting parameter); (b) PLE and PL spectra at room temperature; (c) schematic diagram of charge compensation (lumin.: luminescence). (d) XRD pattern and (e) diffuse
reflection spectra of YAG:0.2%Mn4+–4%M2+(simplified as YAG:Mn–M in figures; the same applies to the following figures).
factors of profile factor (Rp), weighted profile factor (Rwp), and 
goodness-of-fit statistic (v2 ), it was found that Zn and magnesium
(Mg) prefer to occupy octahedral sites, while calcium (Ca) and Ba
prefer to occupy dodecahedral sites. Table S2 in Appendix A shows 
the cell parameters, 6-coordination Al–O bond lengths, and 8-
coordination Y–O bond lengths with suitable site occupation of 
the charge compensators. Compared with pure YAG (a=12.00 Å), 
all the obtained samples doped with Mn4+ , which has a larger ionic 
radius than Al3+ (CN=6), and with M2+ at the corresponding substi-
tutional sites exhibit a larger lattice constant. The large lattice con-
stants and the convincing residual factors (Rp <10%, Rwp <15%,
v2 < 2) of the Rietveld refinement indicate that the charge compen-
sator can be doped into the YAG host.

Fig. 3(a) shows the PL spectra of YAG:Mn4+ with various charge 
compensators. The luminescent intensity of the Mn4+ :2 E–4 A2 tran-
sition is enhanced by the M2+ co-doping in the following order: 
Ba2+ <Ca2+ < Zn2+ <Mg2+. As the ionic radius of the charge compen-
sator decreases, the luminescence intensity increases. These results
170
indicate that the M2+ charge compensator to the octahedral site, 
rather than to the dodecahed ral site, enhances the luminescent
intensity due to Mn4+ stabilization (Figs. 3(a) and (b)). This is con-
sistent with the PL intensity effectively being increased by Mg2+

co-doping, as reported in the literature [31].
Fig. 3(b) shows the luminescence decay curves of the 

Mn4+ :2 E–4 A2 transition in YAG:Mn4+ with various charge compen-
sators; the fitting process is described in Section S1 in Appendix A. 
The luminescence decay curves differ slightly among the different 
samples; they do not follow a single-order exponential function, 
indicating the presence of quenching processes. To evaluate the
lifetime, the decay curves were mechanically fitted with a
second-order exponential equation:
I  t  A1e 
t 
s1 A 2e

t
s2 2

where I(t) is the luminescence intensity at time t, A1 and A2 are the 
initial intensities, and s1 and s2 indicate the corresponding life-
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Fig. 3. (a) PL spectra; (b) decay curves and fitting curves of YAG:0.2%Mn4+–4%M2+.
times, respectively. The average lifetime (s) can be calculated as
follows:

s A1s1 
2 A2s2 

2 

A1s1 A2s2
3

The lifetimes of YAG:Mn4+ , YAG:Mn4+ –Ba2+ , YAG:Mn4+ –Ca2+ , 
YAG:Mn4+ –Zn2+ , and YAG:Mn4+ –Mg2+ were determined to be 
1.103, 1.105, 1.150, 1.163, and 1.188 ms, respectively. The lifetime 
increases with a decrease in the ionic radius, which is consistent
with the trend of PL intensity. This is probably because the Mn3+

quenching center is reduced by the charge compensator.
The structure of the YAG:Mn4+ –Mg2+ sample was characterized ,

and the results are shown in Fig. 4. The XPS spectrum was pre-
sented in Fig. 4(a). In addition to the strong signals of the Y, Al, 
and O, the Mg signal can be observed at 1299 eV and is ascribed
to the binding energy of Mg 1s (Fig. S4 in Appendix A). However,
Fig. 4. (a) XPS survey spectrum (CPS: counts per second); (b) X-ray absorption near edg
MnO; (c) XRD pattern. (d) EDS spectrum, (e) SEM image, and (f) false-color elemental map
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the Mn4+ content is too small to be detected. A comparison indi-
cates that the ratio of the Y, Al, Mg, and O elements obtained by
means of XPS is basically the same as the theoretical ratio, as
shown in Table S3 in Appendix A. In addition, the corresponding 
atomic ratio of Y:Al:Mn:Mg, as measured by energy-dispersive X-
ray spectroscopy (EDS) (Fig. 4(d)), was determined to be 
40.09:58.99:0.02:0.90, which is generally consistent with the the-
oretical value.

The valence state of the Mn ion was investigated using X-ray 
absorption near edge structure (XANES) spectra, as shown in
Fig. 4(b). In the figure, the absorption edge of the YAG:Mn4+ 

single-doped sample is located between those of the reference
samples Mn2O3 and MnO, in line with Fig. 2(c), indicating that 
the Mn is more likely to exhibit a trivalent state when doped into 
the Al site. After co-doping with Mg2+, the curve moved to the
right, to a position closer to MnO2, indicating that the addition of
e structure (XANES) spectra and a series reference compounds, Mn2O3, MnO2, and 
ping of the Y (purple), Al (green), Mn (blue), and Mg (red) of YAG:0.2%Mn4+–4%Mg2+.
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the charge compensator increased the content of tetravalent man-
ganese ions. Although the ratio of Mn4+ to Mn3+ definitely 
increased, based on the reflectance spectrum and PL spectra, the 
XANES result indicates that there are still many Mn3+ ions in the 
YAG host. If all the Mn3+ ions can be oxidized into Mn4+, it is
expected that the YAG:Mn4+ will exhibit a much stronger red lumi-
nescence. The morphology and microstructure of the sintered sam-
ples at 1200 °C were characterized by means of SEM. As shown in
Figs. 4(e) and (f), the metal elements are evenly distributed across 
every particle, as the sol–gel method can achieve uniform mixing
of cations at the atomic level.

Using the most intense YAG:Mn4+ –Mg2+ sample, the lumines-
cence properties of the Mn4+ ions in the YAG matrix were further 
investigated. To show that the phosphor crystals were of high qual-
ity, TL glow curves of YAG:Mn4+–Mg2+ after illumination by a UV
light source were recorded (Fig. 5(a)). No obvious peak below 
600 K was observed, which implies that there are almost no crys-
talline defects to trap carriers, and the Mg co-dopant acts as a cor-
rect charge compensator. Fig. 5(b) shows the PLE spectrum of the 
red luminescence of YAG:Mn4+ –Mg2+ on an energy scale. In the 
3d3 electron configuration, spin-allowed transitions due to 4 A2 → 
4 T2 and 4 T1 are generally located in the UV to visible range. Unlike
typical Mn4+-doped fluoride phosphors, there is a very broad PLE
band in YAG:Mn4+ around the second band of 4A2 → 4T1 in the
range from 250 to 450 nm (Fig. 5(b)). In oxide host materials, a 
CT band corresponding to the transition from the O2– –Mn4+ to 
the O– –(Mn4+ –e– ) overlaps with 4 T1 band. Therefore, the PLE bands 
were fitted by three Gaussian bands, and the centroid energies of 
the CT, 4A2 → 4T1, and 4A2 → 4T2 were estimated to be 31053,
27164, and 20794 cm–1, respectively. To further explain the effect
Fig. 5. (a) TL glow curve of YAG:Mn4+ –Mg2+ with a heating rate of 10 K∙min−1 ; (b) PLE spe
excitation–emission wavelength at 10 K; (d) emission spectra corresponding to (c) (kex =
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of the crystal field intensity on the red emission of YAG:Mn4+ , the 
4 A2 ground state is regarded as 0 eV, and the crystal field splitting
parameter (Dq) and Racah parameters (B and C) can be calculated
using Eqs. (4)–(6), according to the zero phonon line (ZPL) for 2 E
and the centroid energy for 4T1,2 [22,42]: 

E 4 T2 ZPL 10 Dq 4

B 
Dq 

DE Dq 
2 10 DE Dq 

15 DE Dq 8
5

E 2E ZPL 
B 

3 05C 
B 

7 90 1 80B
Dq

6

where E represent the energy of the corresponding crystal-field 
state, which is obtained from the spectral peak position of the 
related transition. DE =E(4 T1)ZPL−E(4 T2)ZPL. For the convenience of 
calculation, the energy corresponding to the peak of the 4 A2 → 4 T2 

transition is regarded as E(4T2), and the energy difference between
the peaks of the two transition bands 4A2 → 4T1 and 4A2 → 4T2 is
regarded as DE.

However, for Mn4+-doped oxide phosphors, it is more challeng-
ing to accurately determine the E(4 T1)ZPL due to the complexity of 
the excitation spectra. In addition, considering only the exactly 
determinable E(2 E)ZPL and E(4 T2) ZPL parameters from experiments,
we assume that C/B=4.7; B, C, and E(4T1)ZPL can be obtained from
standard crystal-field theory, as follows [43]: 

B 6 18Dq 
1 
2 

12 36 Dq 
2 2 22E 2Eg Dq

1 2
7

ctrum (kem =672 nm; CTB: charge transfer band); (c) 2D contour plot of PL intensity
316 nm).
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The values of Dq, B, and C were respectively calculated to be 
2079.40, 823.25, and 3869.28 cm–1 , and the value of 10Dq/B is 
25.26, which is >22, indicating that the Mn4+ ions are in a strong
crystal field. The Tanabe–Sugano diagram of a Mn4+ ion in an octa-
hedron geometry is provided in Fig. 2(a). 

Fig. S5 in Appendix A shows the PLE and PL of YAG:Mn4+ –Mg2+ 

at a low temperature. At 5 K, the PLE spectra above 250 nm was 
almost the same as that at room temperature. However, scanning
the excitation wavelength below 250 nm revealed two additional
PLE bands at 190 and 175 nm (Fig. 5(c)). The PLE band at 175 nm 
(∼7.09 eV) can be identified as the host exciton peak (Eex) because
of previous reports of the host exciton energy of YAG [44], but the 
PLE band at 190 nm is unclear. Considering a binding energy of 
0.008× (Eex )2 , the band gap was estimated to be 7.49 eV. From
the density functional theory (DFT) calculation, both the valence
band (VB) top and the conduction band (CB) bottom are created
at the C point (Fig. S6(a) in Appendix A). Thus, the band-to-band 
absorption is attributed to the direct bandgap. From the projected 
density of states (PDOS), the VB is formed mainly by the O 2p, and
the CB by the Y 4d (Fig. S6(b) in Appendix A).

As shown in Fig. 5(d), a sharp PL peak was observed at 655 nm— 
the shortest wavelength of several PL peaks. Since the thermal 
excitation to the higher phonon levels of the excited state can be 
ignored at 5 K, the sharp peak can be attributed to the ZPL of the
Mn4+ 2E → 4A2 transition. Several peaks above 655 nm can be
attributed to the Stokes phonon side bands (PSBs). Moreover, only
one type of ZPL at 655 nm was observed from any excitation from
UV to visible range (Fig. 5(d)), indicating that there is only one
Fig. 6. (a) Temperature–emission (T–k) 2D contour mapping; (b) temperature-dependen
intensity at different wavelength regions; (d) temperature-dependent PL intensity ratio
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Mn4+ luminescence center. The energies of the Stokes PSBs were 
analyzed and are listed in Appendix A (Section S3, Fig. S7, and 
Table S4) [42]. 

In order to further investigate the PL properties, the tempera-
ture–emission (T–k) 2D contour mapping was obtained (Figs. 6(a) 
and (b)). As the temperature increases, the Stokes PSBs at around 
672 nm and the ZPL show a downward trend (Fig. 6(c)). In addition, 
the ZPL shifts to lower energy. This is a typical ZPL energy shift, 
mainly caused by the two-phonon resonant Raman process. On 
the other hand, the PL band at 647 nm increases with increasing
temperature, indicating that this is the anti-Stokes PSBs. The inten-
sity ratio between the anti-Stokes and Stokes phonon sidebands is
as follows [45]: 

IAS 

IS 
ce hmeff k BT 10

where IAS and IS are the integrated intensities of the anti-Stokes and 
Stokes emissions, respectively; c is a constant that accounts for the 
combine d effects; hmeff is the effective phonon energy; kB is the
Boltzmann constant; and T is the absolute temperature. Fig. 6(d) 
presents the relationship between ln(IAS/IS) and the inverse temper-
ature 1/T that is used to estimate hmeff. From the Arrhenius plot, the 
effective phonon energy is calculated to be 319.31 cm–1, which is
similar to the phonon energy (311, 352, and 380 cm–1) around
the main peak of the PL spectrum in Fig. S7. This characteristic 
can be used for a luminescent thermometer, due to the significant 
change in the ratio of the anti-Stokes/Stokes emission intensity
that occurs with temperature. Thus far, LaAlO3:Mn4+ [46] and 
K2TiF6:Mn 4+ [47] have been reported to be used as thermometers, 
utilizing the relationship between temperature and the intensity
ratio of the anti-Stokes and Stokes emission lines. Senden et al.
[48] reported the relationship between the quenching temperature 
T1/2 and the 4 A2 → 4T2 transition energy and discussed the quench-
t PL spectra of YAG:Mn4+ –Mg2+ excited at 480 nm; (c) temperature-dependent PL
as a function of inverse temperature.
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ing process; the researchers clearly showed that the quenching 
process of 2 E → 4 A2 luminescence is caused by a thermally activated
crossover through the 4T2 energy state [48]. As shown in Fig. 6(c), 
T1/2 was 254 K. Thus, the newly-estimated quenching temperature 
of YAG:Mn4+ –Mg2+ was plotted into the T 1/2 versus 4A2 → 4T2 tran-
sition energy graph, as shown in Fig. S8 in Appendix A. The result 
indicates that the emission of Mn4+ in the YAG host is similarly 
quenched due to a thermally activated crossover from the 4T2
excited state to the 4A2 ground state.

The optimal concentrations of Mn4+ and Mg2+ were also 
explored in this work. The following red phosphors were prepared: 
YAG:mMn4+ –nMg2+ (m =0.05%, 0.1%, 0.2%, and 0.3%; n=0%, 2%, 4%,
and 8%). The PL spectra and pictures are exhibited in Fig. S9 in 
Appendix A. With an increase in the Mn4+ concentration, the lumi-
nescence intensity showed a trend of first increasing and then 
decreasing, which was caused by concentration quenching. A com-
parison showed that the phosphor with the best luminescent prop-
erties was YAG:0.2%Mn4+–4%Mg2+.

For application purposes, the weatherproof properties of the 
phosphor were also studied. The luminescence intensity of the 
phosphor was tested by drying after the following treatments: 
soaking in pure water for 15 d, soaking in an aqueous hydrochloric
acid (HCl) solution with a pH of 1.57 for 5 h, and soaking in an
aqueous sodium hydroxide (NaOH) solution with a pH of 12.65
for 5 h. According to the results presented in Fig. 7(a), the phosphor 
continued to maintain strong luminescence after treatment under 
such extreme conditions. This resistance to moisture, acidity, and 
alkalinity makes the phosphor suitable for the special humid envi-
ronment in which plant lighting would typically be used. In addi-
tion, in order to determine the optical properties of the phosphor 
at higher temperatures, the PL spectra of the YAG:Mn4+–Mg2+ were
measured above 300 K. As expected based on the temperature
dependence below 300 K, the PL intensity decreased rapidly with
an increase in temperature, which indicates low light-conversion
efficiency from UV to red light at higher temperatures (Fig. 7(b)). 
However, this rapid decrease may provide an advantage: The tem-
perature of the light-conversion film will increase more rapidly 
with higher sunlight intensity on clear days. It is known that
intense sunlight can damage photosystems and decrease their pho-
tosynthetic output, thereby inhibiting plant growth and develop-
ment [49]. Thus, this luminescence quenching can automatically 
avoid excess light illumination for plants.

PVA does not affect the luminescen ce of the phosphors
(Figs. S10(a) and (b) in Appendix A); moreover, it has good 
mechanical properties and film formation. This material can also 
be degraded by microorganisms into CO2 and H2O, making it harm-
less to the environment and suitable for light-conversion films. The
light-conversion film obtained by mixing PVA and the YAG:Mn4+–
Mg2+ phosphors can convert the portion of natural light that would
normally be useless for plant growth into red light to promote
Fig. 7. (a) PL spectra of the phosphors after various extreme treatm
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plant growth without any other energy inputs, as shown in
Fig. 8(a). Adding phosphor doping further improves the light-
conversion performance (Fig. S10(c) in Appendix A); however, 
due to the poor compatibility of rare earth inorganic compounds 
with PVA, it can also lead to a decrease in the light transmittance. 
Therefore, a 6% doping concentration was considered most appro-
priate. The properties of the PVA and phosphors in the light-
conversion film obtained via the physical blending method were
not changed. The characteristic peaks of the YAG:Mn4+–Mg2+ phos-
phors were still very obvious in the XRD pattern. In addition, a
characteristic peak at 20° appeared, which was attributed to PVA.
It also can be seen from the FTIR spectra of the films (Figs. 
S10(d) and (e) in Appendix A) that the chemical bonding in the 
PVA was not affected. As a result, the thermal decomposition of 
the film was basically unchanged and can be divided into three 
stages: the evaporation of water molecules, the start of the decom-
position of functional groups, and the carbonization of the PVA
film. The residual weight difference between the blank PVA film
and the light-conversion film was 4.8%, which was basically consis-
tent with the amount of phosphor added (Fig. S10(f) in Appendix 
A). As a proof of concept, a plant growth experiment was done, 
and an additional UV lamp was used to amplify the difference.
As shown in Fig. 8(a), the pea seedlings were divided into two 
groups. Blank PVA film (group A, the control group) and light-
conversion film (group B, the experimental group) were respec-
tively placed between the pea seedlings and the UV lamp. Both
groups were then cultivated under the same humidity and temper-
ature conditions for 8 d. It can be seen from the comparison in
Figs. 8(b)–(e) that the growth of group B was better than that of 
group A. The plant height, total length with root, and plant weight 
were measured. Compared with that of group A, the height in 
group B was 11.3% greater, the total length with root increased 
by 41.3%, the fresh weight increased by 39.0%, and the dry weight
increased by 10.8%. Moreover, as red light can promote the synthe-
sis and accumulation of b-carotene in the leaves of pea seedlings,
the b-carotene content in the pea seedlings increased by 14.22%
after red light treatment.
4. Conclusi ons

In this work, the red phosphor YAG:Mn4+ was prepared, and its 
luminescence properties were optimized via charge compensation. 
It was observed that the phosphor’s emission intensity was signif-
icantly improved by co-doping with Mg2+ . More detailed PL charac-
teristics were revealed in the PL spectrum obtained at a low
temperature, and it was determined that the position of the ZPL
was at 655 nm. With increasing temperature, anti-Stokes PSBs
appeared below 655 nm. The effective phonon energy was esti-
mated based on the temperature dependence of the luminescence
ents; (b) PL spectra of the phosphors at different temperatures.
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Fig. 8. (a) Schematic diagram of the light-conversion film working. (b–e) Comparison of the (b) plant height and total length with root, (c) picture of pea seedlings, (d) weight,
and (e) b-carotene content of group A vs group B.
intensity ratio of the anti-Stokes PSBs to the Stokes PSBs, which can 
be used as an optical thermometer. The phosphor exhibited tem-
perature quenching at high temperatures due to a thermally acti-
vated crossover from the 4 T2 excited state to the 4 A2 ground 
state. With its broad excitation band, deep red light emission, 
and resistance to moisture, acidity, and alkalinity, this phosphor 
shows strong potential for plant lighting applications. In a plant
cultivation experiment, pea seedlings grown under a red light-
conversion film prepared with this phosphor exhibited greater
length, heavier weight, and higher b-carotene content than those
grown with blank PVA film. This result demonstrates that the
phosphor presented herein has potential for use in agricultural
lighting applications.
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