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2O12:Mn4+ far-red phosphors with
high quantum efficiency and thermal stability
towards applications in indoor plant cultivation
LEDs
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and Xiaoyong Huang *

Novel Mn4+-activated far-red emitting SrMg2La2W2O12 (SMLW) phosphors were prepared by a conventional

high-temperature solid-state reaction method. The SMLW:Mn4+ phosphors showed a broad excitation

band peaking at around 344 nm and 469 nm in the range of 300–550 nm. Under 344 nm near-

ultraviolet light or 469 nm blue light, the phosphors exhibited a far-red emission band in the 650–

780 nm range centered at about 708 nm. The optimal Mn4+ doping concentration in the SMLW host was

0.2 mol% and the CIE chromaticity coordinates of SMLW:0.2% Mn4+ phosphors were calculated to be

(0.7322, 0.2678). In addition, the influences of crystal field strength and nephelauxetic effect on the

emission energy of Mn4+ ions were also investigated. Moreover, the internal quantum efficiency of

SMLW:0.2% Mn4+ phosphors reached as high as 88% and they also possessed good thermal stability.

Specifically, the emission intensity at 423 K still maintained about 57.5% of the initial value at 303 K.

Finally, a far-red light-emitting diode (LED) lamp was fabricated by using a 365 nm near-ultraviolet

emitting LED chip combined with the as-obtained SMLW:0.2% Mn4+ far-red phosphors.
1. Introduction

Nowadays, indoor plant cultivation has gained much attention
and it is becoming a powerful solution to the global food
problem for the reason that a controlled environment (e.g.,
ltered air, steady temperature, and special growth media) can
allow plants to grow steadily without being affected by terrible
weather such as drought, storms, hail, torrential rain, fog, and
haze.1–5 An articial light source for indoor plant cultivation has
become an important condition for efficient production,
because cultivating plants in an articial lighting environment
can make up for the deciency of bad climate, regulate the
growth cycle on demand, and improve the yield and quality of
crops.6,7

Solid-state phosphor-converted light-emitting diodes (LEDs)
have been considered as a good kind of articial light source for
indoor plant cultivation owing to their outstanding advantages
including small size, long working time, good stability, high
photoelectric conversion efficiency, and environmental friend-
liness compared with traditional incandescent and uorescent
lamps.8–22 Besides, the light quality of the articial light source
is one of the essential factors affecting the development of
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plants. The absorption of light by plants is not full-wavelength
but selective. Blue light around 450 nm (440–480 nm) is bene-
cial to the growth of stem and the morphogenesis of leaf; red
light around 660 nm (620–690 nm) promotes the synthesis of
plant carbohydrates, blossoming, and yielding fruits; while far-
red light around 730 nm (700–740 nm) contributes to the
photosynthesis.23–25 In addition, in the light reaction of plants,
the primary light receptor is phytochrome, which is extremely
sensitive to red light and far-red light, thus including PR and
PFR, respectively.26 The effects of phytochrome on plant
morphology include seed germination, de-etiolation, stem
elongation, leaf expansion, and owering induction. Therefore,
it plays an important role in the whole process of plant growth
and development from germination to maturity.27 Conse-
quently, it is very urgent to develop far-red emitting phosphors
that can be used in solid-state phosphor-converted LEDs as
articial light source for indoor plant cultivation.

Mn4+ ions doped red phosphors have some advantages such
as suitable spectra, simple synthesis procedure, as well as the
cheap and readily available raw materials compared with the
traditional rare-earth ions (such as Eu3+/Eu2+) doped red phos-
phors.28 In detail, Mn4+ ions with a 3d3 electronic conguration
belong to transition mental ions, while the phosphors doped
with Mn4+ ions can be excited by near-ultraviolet (near-UV) and
blue light, and show far-red emission ranging from 620 to
750 nm centered at about 660 nm owing to the 2Eg / 4A2g
RSC Adv., 2018, 8, 30191–30200 | 30191
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transition of Mn4+ ions.2,12,29–33 Besides, the crystal eld envi-
ronment is greatly important to the optical properties of Mn4+

ions and Mn4+ ions can occupy the cation sites of octahedrons
in the host.34 So, nding a novel host material, which can
provide octahedral sites for Mn4+ ions, is also very signicant.
Tungstates are good host materials used in phosphors because
they have many merits including low price, good chemical
stability, and outstanding optical properties.35,36 Recently, Mn4+

ions activated tungstates far-red emitting phosphors have been
reported such as Ca3La2W2O12:Mn4+,3 Sr2ZnWO6:Mn4+,37 and
NaLaMgWO6:Mn4+.38 In addition, some phosphors based on
tungstate SrMg2La2W2O12 (SMLW) have been investigated
previously, such as SMLW:Tb3+,Eu3+,39 SMLW:Dy3+,Tm3+,40 and
SMLW:Tb3+,Sm3+,Tm3+,41 and SMLW including [WO6] and
[MgO6] octahedrons can provide octahedral sites, which indi-
cates that SMLW is a suitable host material for Mn4+ ions doped
phosphors.

In this work, a series of novel Mn4+-activated SMLW phos-
phors were prepared by a conventional high-temperature solid-
state reaction method. It was discovered that SMLW:Mn4+

phosphors can be excited at 344 nm or 469 nm and exhibited
a far-red emission band in the 650–780 nm range centered at
about 708 nm, which matched well with the absorption band of
phytochrome PFR. The optimal Mn4+ doping concentration in
the SMLW host was 0.2%. And the full width at half maximum
(FWHM) of the far-red emission band was determined to be
about 37 nm. Moreover, the IQE of SMLW:0.2% Mn4+ phos-
phors reached as high as 88% and they also possessed good
thermal stability. Finally, a far-red LED device was fabricated by
coating as-prepared SMLW:0.2% Mn4+ far-red phosphors on
a 365 nm near-UV emitting LED chip. The results suggested that
the far-red emitting SMLW:Mn4+ phosphors were potential
luminescent materials that can be applied for indoor plant
cultivation LEDs.

2. Experimental

A series of SrMg2La2W2(1�x)O12:xMn4+ (SMLW:xMn4+; x ¼ 0.1%,
0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) phosphors were successfully
prepared by a conventional high-temperature solid-state reac-
tion method. SrCO3 (analytical reagent, AR), MgO (AR), La2O3

(99.99%), (NH4)6H2W12O40 (AR), MnCO3 (AR) were used as raw
materials. They were weighed on the basis of stoichiometric
ratio and ground in an agate mortar to make them uniform.
Then, these mixtures were put into the alumina crucibles and
pre-red at 600 �C for 4 h in the air, aer that they were ground
again and then sintered at 1200 �C for 6 h in the air. When the
samples were cooled down to room temperature, they were
ground again and gathered for further characterization.

The phase purity of the phosphors was tested by X-ray
diffraction (XRD) patterns recorded on a Bruker D8 Focus
diffractometer with Cu Ka radiation. The morphology proper-
ties of the samples were obtained by using a eld-emission
scanning electron microscope (FE-SEM; TESCAN MAIA3). The
room-temperature photoluminescence (PL) and photo-
luminescence excitation (PLE) spectra were measured by Edin-
burgh FS5 spectrometer equipped with a 150 W continued-
30192 | RSC Adv., 2018, 8, 30191–30200
wavelength xenon lamp. The decay times of phosphors were
recorded on an Edinburgh FS5 spectrometer with a pulsed
xenon lamp. Temperature-dependent PL spectra were also
measured by using the Edinburgh FS5 spectrometer equipped
with a temperature controller. The IQE was tested on an Edin-
burgh FS5 spectrometer equipped with an integrating sphere
coated with BaSO4.
3. Results and discussion

The Rietveld renement for the XRD patterns of SMLW:0.2%
Mn4+ was analyzed to study its crystal structure and the site
occupancy, as shown in Fig. 1(a). According to the renement
results, we can nd that the crystal structure of SMLW:0.2%
Mn4+ belongs to orthorhombic crystal system with the P222
space group, and the cell parameters were calculated to be a ¼
7.8465 Å, b ¼ 7.8627 Å, c ¼ 7.9014 Å, a ¼ 90�, b ¼ 90�, g ¼ 90�,
and V ¼ 487.47 Å3. The crystal structure of SMLW:0.2% Mn4+

included [MgO6] and [WO6] octahedrons formed by Mg and W
atoms coordinated with six oxygen atoms around respectively,
as can be seen in Fig. 1(b). As well-known, Mn4+ ions can occupy
the cation sites of octahedrons.42 In this work, Mn4+ ions were
more likely to occupy the site of W6+ because the radius of Mn4+

ion (0.53 Å) is much closer to that of W6+ ion (0.62 Å) than Mg2+

ion (0.72 Å).12,37

In order to study the possibility that Mn4+ ions can substitute
W6+ ions in the host, we can calculate the radius percentage
difference between the doped ions Mn4+ and the substituted
ions W6+ in SMLW host by using the following formula:43

Dr ¼ Rs � Rd

Rs

� 100% (1)

where Dr refers to the radius percentage difference; Rs and Rd

represent the radius of the substituted ions in the host and the
doped ions, respectively. Therefore, according to the ionic radii
mentioned above, the value of Dr was calculated to be 15%, and
it is much smaller than 30%, which indicated that the doped
Mn4+ ions could legitimately replace the sites of W6+ ions.

Fig. 2(a) shows the XRD patterns of the as-prepared
SMLW:xMn4+ (x ¼ 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%)
and the standard PDF card of SMLW (JCPDS # 35-0259). The
XRD patterns of the samples matched well with the standard
data of SMLW (JCPDS # 35-0259) except that there were two
weak impurity peaks due to the SrWO4 (JCPDS # 08-0490). This
result indicated that doping Mn4+ into SMLW did not make
signicant changes to the host crystal structure. According to
the local XRD patterns in the 2q range of 30.5–34.5 degree
shown in Fig. 2(b), we can nd that the XRD diffraction peaks
slightly shied to the larger angle in comparison with the
standard data when the Mn4+ doping concentration was
increased for the reason that the smaller ions Mn4+ (r ¼ 0.53 Å)
substituted larger ions W6+ (r¼ 0.62 Å) in the SMLW host which
resulted in the expansion of the lattice on the basis of Bragg
equation (2d sin q ¼ l, where d, q, and l refer to crystal surface
spacing, diffraction angle, and X-ray wavelength, respectively).
The results further conrmed the above conclusion that Mn4+

ions can occupy the sites of W6+ ions.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) The Rietveld refinement for the XRD patterns of SMLW:0.2%Mn4+ phosphors. (b) The crystal structure of SMLW:0.2%Mn4+ phosphors.

Fig. 2 (a) The XRD patterns of SMLW:xMn4+ (x ¼ 0.1%, 0.2%, 0.4%,
0.6%, 0.8%, and 1.0%) phosphors and the standard PDF card SMLW
(JCPDS # 35-0259). (b) The local XRD patterns in the 2q range from
30.5 to 34.5 degree.

Fig. 3 (a–c) FE-SEM images and (d) elemental mapping of as-prepared

This journal is © The Royal Society of Chemistry 2018
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Fig. 3(a–c) shows the FE-SEM images of the SMLW:0.2%
Mn4+ phosphors. The sample was made up of irregular micro-
particles with the particle size ranging from 1 to 5 mm. The
elemental mapping was shown in Fig. 3(d), according to which
we can see that all the elements (O, Mg, La, W, Sr, and Mn) were
uniformly distributed over the whole particles, which indicated
that the SMLW:Mn4+ phosphors were successfully synthesized.

Fig. 4(a) exhibits the PLE and PL spectra of SMLW:0.2%Mn4+

phosphors. The PLE spectrum monitored at 708 nm showed
a broad absorption band in the near-UV and blue regions
ranging from 300–550 nm centered at 344 nm and 469 nm,
respectively, which can be Gaussian tted into four bands
peaking at around 326 nm, 350 nm, 402 nm, and 479 nm,
corresponding to theMn–O charge transfer band (CTB), the 4A2g
/ 4T1g,

4A2g /
2T2g, and

4A2g /
4T2g transitions of Mn4+ ions,

respectively.44 The PL spectra excited at 344 nm and 469 nm
with the similar proles consisted of a narrow far-red emission
band in the range of 650–780 nm peaking at around 708 nm,
SMLW:0.2% Mn4+ phosphors.

RSC Adv., 2018, 8, 30191–30200 | 30193
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Fig. 4 (a) PLE (lem ¼ 708 nm) and PL (lex ¼ 344 nm and 469 nm)
spectra of SMLW:0.2% Mn4+ phosphors. (b) The emission spectrum of
SMLW:0.2% Mn4+ and absorption spectrum of PFR.

Fig. 5 (a) Tanabe–Sugano energy level diagram of Mn4+ ions in the
SMLW host. (b) The simple energy level diagram of Mn4+ ions. (c) The
relationship between the 2Eg energy level of Mn4+ ions and the
calculated nephelauxetic ratio b1 in different hosts.
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due to the 2Eg / 4A2g transition of Mn4+ ions.3 And the PL
intensity of the SMLW:0.2% Mn4+ phosphors excited at 344 nm
was much stronger than that excited at 469 nm. Furthermore,
the emission spectrum of SMLW:0.2% Mn4+ and absorption
spectrum of PFR were shown in Fig. 4(b), and we can see that the
far-red emission band of SMLW:0.2% Mn4+ matched well with
the absorption band of phytochrome PFR, indicating that the
SMLW:Mn4+ phosphors were potential far-red emitting mate-
rials towards applications in LEDs for indoor plant cultivation.
Besides, the full width at half maximum (FWHM) of the PL
spectrum under the 344 nm excitation was about 37 nm.

Fig. 5(a) shows the Tanabe–Sugano energy level diagram,
which can illustrate the electron transitions of Mn4+ ions cor-
responding to different energy levels in an octahedral crystal
eld. There are two important free ion states including 2H
excited level and 4F ground level. The 4F ground level can split
into 4A2g,

4T2g, and
4T1g states, when excited at near-UV/blue

light, the electrons at the ground state 4A2g transit to the
excited states (4T1g,

2T2g(
2G), and 4T2g) corresponding to the

spin-allowed transitions 4A2g /
4T1g,

4A2g /
2T2g, and

4A2g /
4T2g respectively, then relax to the lowest excited state 2Eg in
a way of nonradiative transition, and nally come back to the
30194 | RSC Adv., 2018, 8, 30191–30200
ground state 4A2g through radiative transition (2Eg /
4A2g), as

can be described by a simple energy level diagram of Mn4+ ions
in Fig. 5(b).

The crystal eld strength (Dq) of Mn4+ can be calculated by
the peak energy (20 876 cm�1) of 4A2g / 4T2g transition
according to the following equation:45–47

Dq ¼ E(4A2g–
4T2g)/10 (2)

The Racah parameter B can be roughly estimated on the
basis of the energy difference (7695 cm�1) between 4A2g /

4T2g
and 4A2g /

4T1g transitions of Mn4+ ions using the formula as
follows:

Dq

B
¼ 15ðx� 8Þ

x2 � 10x
(3)

And the parameter x can be evaluated by the following
formula:

x ¼ E
�
4A2g � 4T1g

�� E
�
4A2g � 4T2g

�
Dq

(4)
This journal is © The Royal Society of Chemistry 2018
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Besides, the Racah parameter C can be estimated according
to the peak energy (14 124 cm�1) of the 2Eg /

4A2g transition of
Mn4+ ions by the equation:

E(2Eg–
4A2g)/B ¼ 3.05C/B + 7.9 � 1.8B/Dq (5)

On the basis of the above equations, the value of the
parameter Dq, B, and C were calculated to be around 2088, 746,
and 2856 cm�1, respectively. Thus the value of Dq/B was deter-
mined to be about 2.8, which was higher than 2.2, indicating
that Mn4+ ions occupied a strong crystal eld in the SMLW
host.48

According to the Tanabe–Sugano energy level diagram of
Mn4+ ions, we can see that the energy of 2Eg level has no relation
with the crystal eld strength.49 Therefore, the emission wave-
length of 2Eg /

4A2g transition of Mn4+ ions does not vary with
the crystal eld strength, but depends on the nephelauxetic
effect, which is attributed to the covalence between the Mn4+

ions and ligand.27 In order to predict the emission wavelength
of Mn4+ in different host, Brik et al. set up a dimensionless
linear correlation by introducing a parameter of the neph-
elauxetic ratio (b1):15

b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
B

B0

�2

þ
�
C

C0

�2
s

(6)

where B, C, B0, and C0 represent the Racah parameter of Mn4+

ions, corresponding to 746, 2856, 1160, and 4303 cm�1,
respectively. Herein, b1 can be calculated to be 0.924. Table 1
listed the value of b1 and Mn4+:2Eg energy level in different
hosts, and the well linear tted plot of 2Eg energy level versus b1
was also shown in Fig. 5(c). Furthermore, the experimental
value of the peak energy (2Eg / 4A2g) of Mn4+ ions in SMLW
host was 14 124 cm�1, and when the coordinates (0.924, 14 124)
of SMLW:Mn4+ were put into Fig. 5(c), they were well consistent
with the tted linear relation.

Fig. 6(a) presents the PL spectra of SMLW:xMn4+ (x ¼ 0.1%,
0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) phosphors under the
344 nm excitation. With the increasing concentration of Mn4+

ions, the PL intensity rst increased to the maximum value and
then gradually decreased because of the concentration
Table 1 The crystal field (Dq), Racah parameters (B, C), nephelauxetic ra

Host Dq/cm�1 B/cm�1 C/

Na2SiF6 2174 775 34
Na2SnF6 2101 589 38
K2MnF6 2183 604 38
Cs2GeF6 2063 490 40
Y2Sn2O7 2100 700 35
CaAl2O19 2132 807 30
SrMgAl10O17 2237 791 30
Sr4Al14O25 2222 680 33
Ba2LaNbO6 1780 670 32
Mg14Ge5O24 2375 709 32
LaAlO3 2123 695 29
BaTiO3 1780 738 28
SrTiO3 1818 719 28
SrMg2La2W2O12 2088 746 28

This journal is © The Royal Society of Chemistry 2018
quenching, which was attributed to the nonradiative energy
transfer between Mn4+ ions.50,51 Fig. 6(b) shows the emission
intensity of SMLW:xMn4+ as a function of Mn4+ ions concen-
tration at the wavelength 708 nm. It is intuitive to see that the
optimal doping concentration of Mn4+ ions in the SMLW:xMn4+

was 0.2%. In addition, we can approximately calculate the
critical distance Rc by using the following equation to estimate
the nonradiative energy transfer mechanism between Mn4+

ions:

Rc ¼ 2

�
3V

4pxcZ

�1=3

(7)

where Rc is the critical distance, xc represents the critical
concentration, V refers to the volume of unit cell, and Z is the
number of cation that can be occupied by activator ions per unit
cell. For SMLW:0.2%Mn4+, xc ¼ 0.2%, Z¼ 4, and V¼ 487.47 Å3,
thus, the value of Rc was calculated to be around 48.83 Å.
Moreover, the energy transfer between Mn4+ ions can occur by
two interactions: exchange interaction and electric multipolar
interaction.52 The exchange interaction is dominant in the
energy transfer only when the value of Rc is less than 5 Å. Since
the Rc was 48.83 Å, which was much larger than 5 Å, so the
nonradiative energy transfer between Mn4+ ions take place via
electric multipolar interaction in SMLW:Mn4+ phosphors.

To further study the specic interaction in energy transfer
mechanism, the relation between the log(I/x) and log(x) can be
estimated by the formula as follows:53

log(I/x) ¼ A � (q/3)log x (8)

where I refers to the emission intensity, x is the doping concen-
tration, A is a constant, q ¼ 3, 6, 8, and 10 corresponds to the
nonradiative energy transfer among the nearest-neighbor
ions,54–57 electric dipole–dipole, dipole–quadrupole, and quad-
rupole–quadrupole interaction, respectively. The dependence of
log(I/x) on log(x) was shown in Fig. 6(c). The data were linear
tted and the slope was determined to be around�1.274. Thus q
¼ 3.832, and it was close to 3, which suggested that the primary
interaction responsible for energy transfer mechanism was the
nonradiative energy transfer among the nearest-neighbor ions.
tio (b1), and
2Eg energy level (E(2Eg))of Mn4+ ions in different host

cm�1 b1 E(2Eg)/cm
�1 Ref.

75 1.051 16 210 63
73 1.033 16 171 64
21 1.029 16 129 65
56 1.033 16 032 66
15 1.016 15 563 67
88 0.999 15 244 68
84 0.989 15 152 69
97 0.983 15 361 70
90 0.958 14 679 71
63 0.974 15 175 72
41 0.907 14 034 73
20 0.913 13 862 74
39 0.905 13 827 75
56 0.924 14 124 This work

RSC Adv., 2018, 8, 30191–30200 | 30195
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Fig. 6 (a) PL spectra of SMLW:xMn4+ (x ¼ 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) phosphors excited at 344 nm. (b) The emission intensity of
SMLW:xMn4+ as a function of Mn4+ doping concentration. (c) The dependence of log(I/x) on log(x). (d) The lifetime decay curves of SMLW:xMn4+

(x ¼ 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0%) phosphors under the 344 nm excitation while monitored at 708 nm.
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Fig. 6(d) shows the lifetime decay curves of SMLW:xMn4+ (x
¼ 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) phosphors excited
at 344 nm and monitored at 708 nm. All the curves can be well
tted to second-exponential formula as follows:28

I ¼ I0 + A1 exp(�t/s1) + A2 exp(�t/s2) (9)

where I refers to the emission intensity at time t, I0 refers to the
initial emission intensity, A1 and A2 are constants, and s1 and s2
represent the fast and slow lifetimes for the exponential
segment. And the average decay times can be calculated by the
following equation:

s ¼ (A1s1
2 + A2s2

2)/(A1s1 + A2s2) (10)

The average decay times of the SMLW:xMn4+ (x¼0.1%, 0.2%,
0.4%, 0.6%, 0.8%, and 1.0%) phosphors were calculated to be
1.793, 1.758, 1.704, 1.665, 1.573, and 1.478 ms, respectively. It
was clear to see that the decay times decreased gradually with
the increasing concentration of Mn4+ ions for the reason that
the energy transfer among Mn4+ ions became more frequent
owing to the closer distance between Mn4+ ions with the
increasing concentration.58

The CIE chromaticity coordinates diagram of SMLW:0.2%
Mn4+ phosphors were shown in Fig. 7(a). The CIE chromaticity
coordinates were calculated to be (0.7322, 0.2678) and it located
in far-red region. Inset (i) and (ii) represent the photographs of
the SMLW:0.2% Mn4+ sample under daylight and 365 nm near-
30196 | RSC Adv., 2018, 8, 30191–30200
UV light, respectively. It was clear to see that the as-prepared
sample emitted bright red light excited at 365 nm. What's
more, the excitation line of BaSO4 reference and emission
spectrum of SMLW:0.2% Mn4+ sample were shown in Fig. 7(b),
and the IQE of this sample can be calculated according to the
equation as follows:59

h ¼

ð
LSð

ER �
ð
ES

� 100% (11)

where h is the IQE, LS refers to the emission spectrum of the
sample, ES and ER are the excitation spectra with and without
the sample, respectively. Thus, the value of IQE of SMLW:0.2%
Mn4+ sample excited at 344 nm was found to be 88% which is
much higher than that of some Mn4+ doped red phosphors re-
ported previously such as Ca3La2W2O12:Mn4+ (IQE ¼ 47.9%),3

Gd2ZnTiO6:Mn4+ (IQE ¼ 39.7%),29 and Li2MgZrO4:Mn4+ (IQE ¼
32.3%),60 indicating that the as-prepared SMLW:0.2% Mn4+

phosphors possessed a high luminescent efficiency which was
benecial to being applied in LEDs for indoor plant
cultivation.

Fig. 8(a) shows the emission spectra of SMLW:0.2% Mn4+

phosphors under the 344 nm excitation at the temperature
range from 303 to 503 K. There were no big changes in the
proles of the emission spectra at different temperature, but the
PL intensity decreased gradually with the increasing of
temperature owing to the thermal quenching effect for the
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) CIE chromaticity coordinates diagram of SMLW:0.2%Mn4+ phosphors (lex ¼ 344 nm). Inset (i) and (ii) represent the photographs of the
SMLW:0.2%Mn4+ under daylight and 365 nm near-UV light, respectively. (b) The excitation line of BaSO4 reference and the emission spectrum of
SMLW:0.2% Mn4+ phosphors excited at 344 nm.
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reason that the lattice relaxation of the luminescence center
increased and the non-radiation transition became more
possible with increasing the temperature.39 Fig. 8(b) shows the
normalized PL intensities of SMLW:0.2% Mn4+ phosphors at
different temperature from 303 to 503 K. The emission intensity
at 423 K still kept 57.5% of the initial value at 303 K, which was
higher than that of some previously reported Mn4+-activated
phosphors, such as CaYAlO4:Mn4+ (50%),61 La(MgTi)1/2O3:Mn4+
Fig. 8 (a) The temperature-dependent PL spectra of SMLW:0.2% Mn4

phosphors at different temperature from 303 to 503 K. (c) The configurat
1/kT.

This journal is © The Royal Society of Chemistry 2018
(53%),27 and Gd2ZnTiO6:Mn4+ (27.2%),29 indicating that
SMLW:0.2% Mn4+ phosphors possessed good thermal stability.

In addition, we can illustrate the mechanism of thermal
quenching behavior by using a simple conguration diagram of
Mn4+ ions shown in Fig. 8(c). Normally, when excited at near-
UV/blue light, the electrons at the ground state 4A2g can
transit to the excited states (4T1g,

2T2g, and
4T2g), then relax to

the lowest excited state 2Eg which is a process of nonradiative
+ phosphors. (b) The normalized PL intensities of SMLW:0.2% Mn4+

ion diagram of Mn4+ in the octahedron. (d) The plot of ln(I0/I� 1) versus

RSC Adv., 2018, 8, 30191–30200 | 30197
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Fig. 9 (a) EL spectrum of fabricated far-red emitting LED lamp by using a 365 nm near-UV chip combined with SMLW:0.2% Mn4+ phosphors
driven by 60 mA current. Inset (ii) and (i) were the photographs of the far-red LED lamp with and without current, respectively. (b) CIE chro-
maticity coordinates diagram based on the EL spectrum of fabricated far-red emitting LED lamp excited at 365 nm.
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transition, and nally return to the ground state 4A2g through
radiative transition accompanied with emitting far-red light.
With increasing the temperature, part of electrons at excited
state 2Eg can be excited to the crossover point a and b, then
return back to the ground state 4A2g which can be described
through paths 1, 2, and 3, leading to lower probability of radi-
ative transition 2Eg/

4A2g, and thus emission intensity of Mn4+

ions decreases with increasing the temperature.23,27

Furthermore, the value of activation energy (Ea) for thermal
quenching can be calculated by using the following Arrhenius
equation:62

I=I0 ¼
�
1þ C exp

��Ea

kT

���1
(12)

where I0 is the initial emission intensity at 303 K; I is the
emission intensity at different temperature ranging from 303 to
503 K; C is a constant; k is the Boltzmann constant (8.62 �
10�5 eV); and Ea is the activation energy for thermal quenching.
The plot of the ln(I0/I � 1) versus 1/kT was exhibited in Fig. 8(d).
The experimental data can be well linear tted and the slope
was �0.295, indicating that the value of activation energy was
0.295 eV.

Moreover, a far-red emitting LED lamp was fabricated by
using a 365 nm near-UV LED chip combined with the as-
synthesized SMLW:0.2% Mn4+ far-red phosphors. Fig. 9(a)
shows the electroluminescence (EL) spectrum of the fabricated
red-emitting LED driven by 60 mA current. Inset (ii) and inset (i)
were the photographs of the far-red LED lamp with and without
current, respectively, and it exhibited bright far-red light under
the 60 mA current. In addition, we can see that the spectrum
excited at 365 nm consisted of a narrow far-red emission band
peaking at around 708 nm ranging from 650–780 nm due to the
2Eg /

4A2g transition of Mn4+ ions, which matched well with the
PL spectrum of SMLW:0.2Mn4+ phosphors under the 344 nm
excitation mentioned above. The CIE chromaticity coordinates
based on the EL spectrum of the fabricated far-red emitting LED
30198 | RSC Adv., 2018, 8, 30191–30200
were calculated to be (0.7234, 0.2765), which located in far-red
region as shown in Fig. 9(b). The luminous efficacy of this
lamp, which can represent the sensitivity of human eyes to light,
was determined to be 0.03 lm W�1. In this work, the fabricated
far-red emitting LED used for indoor plant cultivation emitted
far-red light (�708 nm) and the perception ability of human eyes
to far-red light is relatively weak, indicating that the low lumi-
nous efficacy of this lamp is reasonable. These results suggested
that the SMLW:Mn4+ phosphors were promising far-red emitting
luminescent materials applied in LEDs for indoor plant growth.
4. Conclusions

Overall, novel Mn4+-activated SMLWphosphors were prepared by
a traditional high-temperature solid-state reaction method. The
as-synthesized SMLW:Mn4+ phosphors can be excited at 344 nm
or 469 nm and exhibited a far-red emission band in the 650–
780 nm range centered at about 708 nm, which matched well
with the absorption band of phytochrome PFR. And the FWHMof
the far-red emission band was about 37 nm. The optimal Mn4+

concentration in SMLW:xMn4+ was x ¼ 0.2%, and the CIE chro-
maticity coordinates of SMLW:0.2% Mn4+ phosphors were
calculated to be (0.7322, 0.2678). Besides, the crystal eld
strength Dq, Racah parameters B and C, as well as the neph-
elauxetic ratio b1 of SMLW:Mn4+ phosphors were estimated to
analyze the inuences of crystal eld strength and nephelauxetic
effect on the emission energy of Mn4+ ions. Moreover, the IQE of
SMLW:0.2% Mn4+ phosphors reached as high as 88%. Impor-
tantly, the emission intensity at 423 Kwas still 57.5%of the initial
value at 303 K, indicating that the SMLW:0.2% Mn4+ phosphors
possessed good thermal stability. Finally, a far-red LED lamp was
fabricated by using a 365 nm near-UV emitting LED chip
combined with the SMLW:0.2% Mn4+ far-red phosphors.
Consequently, the as-synthesized SMLW:0.2% Mn4+ sample was
promising far-red phosphors applied in LEDs as articial light
source for indoor plant growth.
This journal is © The Royal Society of Chemistry 2018
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