
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
10

:5
1:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Novel far-red-em
aCollege of Physics and Optoelectronics, Ta

030024, P. R. China. E-mail: huangxy04@1
bCollege of Physics and Energy, Fujian Norma

China. E-mail: dqchen@nu.edu.cn

Cite this: RSC Adv., 2018, 8, 39307

Received 16th October 2018
Accepted 19th November 2018

DOI: 10.1039/c8ra08551j

rsc.li/rsc-advances

This journal is © The Royal Society of C
itting SrGdAlO4:Mn4+ phosphors
with excellent responsiveness to phytochrome PFR

for plant growth lighting
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In this work, we reported on novel far-red-emitting SrGdAlO4:Mn4+ (SGA:Mn4+) phosphors towards

application in plant growth lighting. The crystal structure and luminescence properties were investigated

on the basis of X-ray diffraction, excitation and emission spectra, luminescence decay curves and

temperature-dependent photoluminescence spectra. When excited by 353 nm, the SGA:Mn4+

phosphors showed a far-red emission band in the 650–800 nm wavelength range with peaks at 709 and

725 nm, which was due to the 2Eg / 4A2g electron transition of Mn4+ ion. The optimal Mn4+ doping

concentration was about 0.1 mol%. The CIE chromaticity coordinates of the SGA:0.1%Mn4+ sample were

(0.7064, 0.2934). The luminescence decay lifetimes decreased gradually from 1.263 to 0.868 ms with the

increasing Mn4+ concentrations. Notably, the emission band of SGA:0.1%Mn4+ sample was well-matched

with the absorption spectrum of phytochrome PFR, which indicated the SGA:Mn4+ were potential far-

red-emitting phosphors for plant growth applications.
1. Introduction

In agricultural production, the lighting conditions are directly
related to the success of agricultural production.1,2 With the
development of modern agriculture, the demand and energy
consumption of plant lighting are expanding.3 Using light-
emitting diodes (LEDs) as articial light sources has become
an inevitable choice for agricultural development.4 In recent
years, compared with conventional light sources including
uorescent and incandescent lamps, LEDs are considered as
next-generation lighting sources and thus have been receiving
considerable attention owing to their tremendous merits such
as short response time, long lifetimes, energy saving, low cost,
and reliability.5–14 Especially, the wavelengths of LEDs can be
adjusted by using various phosphors to match with the spectral
range of plant photosynthesis and photomorphogenesis, which
could affect the plant growth and development by regulating
phytochrome.15,16 It is known that different wavelengths of light
have different effects on plant photosynthesis, of which blue
around 450 nm (410–500 nm), red light around 660 nm (610–
700 nm) and far-red light around 730 nm (700–740 nm) have the
greatest impact on photosynthesis.17,18 Far-red light can be
absorbed by phytochrome PFR to regulate the time of owering
and the process of the plant germination.19,20 Therefore, it is
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imperative to search for novel far-red phosphors with preferable
luminescence performance.

Currently, Eu2+-doped nitride-based red phosphors such as
CaAlSiN3:Eu

2+ have been widely reported.21–23 However, the
preparation of nitrides requires high temperature and high
pressure, which leads to high synthesis cost. It is worth noting
that because of their low cost and desirable spectral features,
Mn4+-activated red phosphors have the potential to replace Eu2+

based nitrides.24–35 Compared with the Mn4+-doped uorides,
Mn4+-activated oxides generally show intense far-red emissions
in the 650–800 nm wavelength range, which are more suitable
for plant growth lighting.36–38 The materials of Mn4+-doped
aluminates phosphors are cheaper than Mn4+-doped germi-
nates phosphors. Recently, Mn4+-doped aluminates phosphors
with eco-friendly preparation process and high chemical
stability have been extensively investigated, such as SrMgAl10-
O17:Mn4+, Ca14Al10Zn6O35:Mn4+, and CaMg2Al16O27:Mn4+.39–41

When Mn4+ ions substitute for Al3+ ions in the [AlO6] octahedral
sites owing to the similar ionic radii of Al3+ ions and Mn4+

ions,42 the phosphors would give rise to red emissions.43,44 Up to
date, the luminescence properties of Mn4+-doped SrGdAlO4

phosphors have never been reported. The SrGdAlO4 (SGA)
compound consists of many [AlO6] octahedrons and can be
synthesized easily with cheap materials. Thus SGA is selected as
a host for investigating the luminescence properties of Mn4+

and red emissions would be expected in Mn4+-activated SGA
phosphors.

In this paper, we reported on Mn4+-doped SGA far-red-
emitting phosphors prepared by a conventional high-
RSC Adv., 2018, 8, 39307–39313 | 39307
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Fig. 1 XRD patterns of SGA:xMn4+ (x ¼ 0.1%, 0.4%, and 0.8%) phos-
phors and the standard profile of SGA (JCPDS no. 24-1185).

Fig. 2 Typical crystal structure of SGA and the Al3+ and Sr2+/Gd3+ sites
are coordinated by six and nine oxygen atoms, respectively.
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temperature solid-state reaction method. The crystal structure
and luminescence properties of SGA:Mn4+ phosphors were
characterized by X-ray diffraction, excitation and emission
spectra, decay lifetimes, and the temperature-dependent PL
spectra were analyzed in detail. These results indicated that the
SGA:Mn4+ phosphors were very suitable to be used as far-red-
emitting materials for applications in plant growth LEDs.

2. Experimental

A series of SrGdAl1-xO4:xMn4+ (SGA:xMn4+; x¼ 0.05, 0.1, 0.2, 0.4,
0.6, and 0.8 mol%) phosphors were prepared by using a high-
temperature solid-state reaction method. The raw materials of
SrCO3 (analytical reagent, AR), Gd2O3 (99.99%), Al2O3 (AR), and
MnCO3 (AR) were weighed according to the stoichiometric ratio
and ground in an agate mortar. Aer that, the mixtures were put
into the crucibles and pre-heated at 600 �C for 3 h, then
reground and sintered again at 1500 �C for 6 h. Aer cooling
down to room temperature naturally, the nal obtained prod-
ucts were ground again into ne powders for subsequent
characterization.

The X-ray diffraction (XRD) patterns of the samples were
recorded on a Bruker D8 X-ray diffractometer with Cu Ka radi-
ation (l ¼ 1.5406 Å). The photoluminescence (PL) and PL exci-
tation (PLE) spectra and decay curves of as-obtained phosphors
were measured using an Edinburgh FS5 spectrometer equipped
with a 150 W continued-wavelength xenon lamp and a pulsed
xenon lamp, respectively. Furthermore, the temperature-
dependent PL spectra of the phosphors were obtained from
the same instrument attached a temperature controlling
system. The internal quantum efficiency (IQE) was measured by
an Edinburgh FS5 spectrometer equipped with an integrating
sphere coated with BaSO4.

3. Results and discussion

Fig. 1 shows the XRD patterns of SGA:xMn4+ (x ¼ 0.1%, 0.4%,
and 0.8%) phosphors. It was found that all the observed
diffraction peaks were consistent with the standard JCPDS card
of SGA (no. 24-1185), demonstrating that Mn4+ ions were well-
doped into the host and there was no signicant inuence on
the structure of SGA.

Fig. 2 shows the typical crystal structure of SGA. The SGA
compound belonged to tetragonal crystal system with space
group I4/mmm. The lattice constants were determined to be a ¼
b ¼ 3.697 Å, c ¼ 12.360 Å, V ¼ 168.9 Å3, and a ¼ b ¼ g ¼ 90�. It
was obvious that Gd3+ and Sr2+ ions were coordinated with nine
oxygen atoms around them, and the Al3+ ions were coordinated
by six oxygen atoms to form [AlO6] octahedrons. Because of the
similar ionic radii of Al3+ (r ¼ 0.535 Å, coordination number
(CN)¼ 6) andMn4+ (r¼ 0.530 Å, CN¼ 6) ions, Mn4+ ions tended
to replace Al3+ ions sites in SGA:Mn4+ phosphors.45

Fig. 3(a) shows the PLE and PL spectra of SGA:0.1%Mn4+

sample at room temperature. When monitored at 709 nm, the
obtained PLE spectrum of SGA:0.1%Mn4+ sample included two
wide excitation bands peaking at 353 and 490 nm in the wave-
length range from 250 to 600 nm, which were assigned to the
39308 | RSC Adv., 2018, 8, 39307–39313
Mn4+ spin-allowed transitions of 4A2g /
4T1g and

4A2g /
4T2g,

respectively.46–48 The two broad bands in the PLE spectrum
indicated that the SGA:Mn4+ phosphors could be excited by
both ultraviolet (UV) and blue LED chips. When excited at
353 nm, the SGA:0.1%Mn4+ sample emitted bright far-red light.
The PL spectrum consisted of a far-red emission band in the
wavelength range of 650–800 nm with two sharp peaks at 709
and 725 nm, which was due to the spin-forbidden 2Eg /

4A2g
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) PLE and PL spectra of SGA:0.1%Mn4+ phosphors. (b) PL spectrum of SGA:0.1%Mn4+ phosphors and the absorption spectrum of
phytochrome PFR.
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transition of Mn4+.49–52 Fig. 3(b) compares the PL spectrum of
SGA:0.1%Mn4+ phosphors and the absorption spectrum of
phytochrome PFR. Obviously, there was an signicant spectral
overlap between the emission band of SGA:0.1%Mn4+ phos-
phors and the absorption of phytochrome PFR, implying that the
SGA:Mn4+ phosphors could be potential far-red-emitting phos-
phors used in plant growth LEDs applications to promote plant
development.53

To determine the optimal Mn4+ doping concentration, the
PL spectra of SGA:Mn4+ phosphors with different Mn4+ doping
concentrations under 353 nm excitation were measured, as
displayed in Fig. 4(a). The shapes and positions of the PL
spectra of SGA:Mn4+ doped with various Mn4+ contents were
very similar, but the emission intensities varied. As depicted in
Fig. 4(b), when the Mn4+ doping concentration increased, the
emission intensity of SGA:xMn4+ phosphors increased rst and
reached a maximum value at x ¼ 0.1%, then decreased gradu-
ally with further increase in the Mn4+ concentrations. This
phenomenon was attributed to concentration quenching effect,
which was caused by the energy migration between neighboring
Mn4+ activators.54,55 Because no spectral overlap was observed
between PLE and PL spectra of SGA:Mn4+, so the radiation
reabsorption was not the mechanism responsible for concen-
tration quenching effect. If the distance between Mn4+ ions is
higher than 5 Å, electric multipolar interaction is the dominant
mechanism for concentration quenching effect; otherwise,
exchange interaction becomes main mechanism for the
concentration quenching.56,57 In order to investigate which
mechanism was primary for the concentration quenching
among the nearest Mn4+ ions of the SGA host, the critical
distance (Rc) was roughly calculated using the following
equation:58

Rc z 2

�
3V

4pXcN

�1=3
; (1)

where V is the volume of the unit cell, Xc stands for the critical
doping concentration of Mn4+ ions, and N represents the
number of available sites for the dopant in the unit cell. For the
SGA host, the Xc¼ 0.1%; V¼ 168.9 Å3; and N¼ 2. The calculated
Rc value was 54.43 Å, which was larger than 5 Å. Thus, the
This journal is © The Royal Society of Chemistry 2018
concentration quenching effect in the SGA:Mn4+ phosphors was
mainly caused via electric multipolar interactions. Moreover, we
can use the following equation to conrm the type of interac-
tion mechanism among Mn4+ ions:58

I/x ¼ K[1 + b(x)q/3]�1, (2)

where I and x are the PL intensity and doping concentration of
Mn4+ ions in SGA host, respectively; b and K are constants; and q

represents an index of the electric multipolar character, where q
¼ 6, 8 and 10 corresponding to dipole–dipole, dipole–quadru-
pole and quadrupole–quadrupole interactions, respectively.59,60

Fig. 4(c) shows the plot of log(I/x) versus log(x). The slope (�q/3)
of the tted line was found to be�1.487, and thus the value of q
was 4.461, which was close to 3. Therefore, the concentration
quenching mechanism was the non-radiative energy transfer
among the adjacent Mn4+ ions in SGA:Mn4+ phosphors, which
was similar to the previous research.53,61–63

Fig. 5 illustrates the CIE chromaticity diagram of
SGA:0.1%Mn4+ sample. According to its PL spectrum, the CIE
chromaticity coordinates were calculated to be (0.7064,
0.2934), which were located in the far-red region. The color
purity of SGA:0.1%Mn4+ sample was calculated to be 93%. As
shown in the inset of Fig. 5, the SGA:0.1%Mn4+ sample
emitted bright red light under 365 nm UV lamp. Therefore,
the SGA:Mn4+ phosphors can be developed as potential far-
red-emitting phosphors for applications in plant growth.

Fig. 6 shows PL decay curves of SGA:xMn4+ (x¼ 0.05%, 0.1%,
0.2%, 0.4%, 0.6%, and 0.8%) samples monitored at 709 nm and
excited at 353 nm. All the decay curves could be well-tted by the
following equation:48

It ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(3)

where It is the luminescence intensities of SGA:xMn4+ phos-
phors at time t, A1 and A2 represent constants, and s1 and s2
correspond to the short and long lifetimes for the exponential
components, respectively. Furthermore, the average lifetime ss
could be calculated by the following equation:48
RSC Adv., 2018, 8, 39307–39313 | 39309
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Fig. 4 (a) PL spectra of SGA:xMn4+ (x ¼ 0.05%, 0.1%, 0.2%, 0.4%, 0.6%,
and 0.8%) phosphors under 353 nm excitation. (b) PL intensity of
SGA:xMn4+ as a function of Mn4+ doping concentrations. (c) Linear
fitting of log(x) versus log(I/x) in SGA:xMn4+ phosphors excited at
353 nm.

Fig. 5 CIE chromaticity coordinates of SGA:0.1%Mn4+ phosphors
under 353 nm excitation. The inset shows the digital photographs of
SGA:0.1%Mn4+ phosphors in daylight and under a 365 nm UV lamp.

Fig. 6 Decay curves and calculated lifetimes of SGA:xMn4+ (x ¼
0.05%, 0.1%, 0.2%, 0.4%, 0.6%, and 0.8%) under 353 nm excitation and
monitored at 709 nm.
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ss ¼ (A1s1
2 + A2s2

2)/(A1s1 + A2s2) (4)

The decay times values were calculated and shown in Fig. 6.
It was worth noting that the decay times of SGA:xMn4+ samples
gradually decreased with increasing Mn4+ doping
39310 | RSC Adv., 2018, 8, 39307–39313
concentrations. The results was caused by the reduced distance
between Mn4+–Mn4+ pairs in the host as high Mn4+ concentra-
tions were doped, and then non-radiative transition rate
increased among Mn4+ ions and nally the lifetimes of samples
were decreased.64

Fig. 7(a) shows the temperature-dependent emission spectra
of SGA:0.1%Mn4+ sample measured in the temperature range of
303 K to 463 K. With the excitation at 353 nm, it was obvious
that there was no signicant distinction among the emission
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Temperature-dependent PL spectra of SGA:0.1%Mn4+

phosphors under 353 nm excitation. (b) The normalized PL intensities
of SGA:0.1%Mn4+ phosphors at different temperature from 303 to 463
K. (c) The plot of ln(I0/I � 1) versus 1/kT.
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spectra. However, the PL intensity of SGA:0.1%Mn4+ sample
gradually decreased with increasing temperature, which was
due to thermal quenching.65 Fig. 7(b) shows the normalized PL
intensity as a function of temperature. It was found that the
This journal is © The Royal Society of Chemistry 2018
intensity of the sample decreased to �50% of the initial emis-
sion intensity when the temperature at 383 K (110 �C). The value
of activation energy Ea was crucial for thermal quenching effect,
which could be evaluated using the equation as follows:66

ln

�
I0

I
� 1

�
¼ ln A� Ea

kT
; (5)

where I0 and I are the emission intensity of the SGA:0.1%Mn4+

phosphor at initial temperature and at different given temper-
atures T, respectively; k stands for the Boltzmann constant; A is
the constant; and Ea represents activation energy. According to
the equation, the tted linear relationship between ln(I0/I � 1)
and 1/kT was given in Fig. 7(c). Thus, the value of Ea was
determined to be 0.367 eV. Furthermore, the IQE value of
SGA:0.1%Mn4+ phosphors was 23%, which was higher than
several other Mn4+ doped oxides, such as Ca14Al10Zn6O35:Mn4+

(IQE: 19.4%),2 and Na2MgAl10O17:Mn4+ (IQE: 22.7%).67

4. Conclusions

In conclusion, a novel series of far-red-emitting SGA:Mn4+

phosphors were synthesized by a conventional high-
temperature solid-state reaction method. The phosphors
could be efficiently excited by both UV and blue LED chips and
showed far-red emission between 650 and 800 nm peaking at
709 nm and 725 nm. The emission band of the SGA:Mn4+

phosphors was matched well with the absorption spectrum of
phytochrome PFR. The optimal Mn4+ doping concentration was
about 0.1 mol% and the corresponding CIE chromaticity coor-
dinates were (0.7064, 0.2934). The concentration quenching
mechanism was the non-radiative energy transfer among the
adjacent Mn4+ ions in SGA:Mn4+ phosphors. Moreover, the
value of Ea was determined to be 0.367 eV. All above results
proved that the SGA:Mn4+ phosphors could emit brilliant far-
red light for applications in plant growth.
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