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Phytochrome is indispensable for plant growth, which can absorb light useful for sprout, blossom, fruits.
Generally, Phytochrome Py absorbs red light and Phytochrome Pgg absorbs far-red light. The emission of Mn**
doped GdAIOs is situated in far-red light region. Herein, GdAlOs:Mn**, Mg?*(GAL:Mn**, Mg?") phosphors were
successfully synthesized via sol-gel method and the crystalline structure and luminescence properties were
investigated systematically. Impressively, the emission intensity of GAL: Mn** phosphors was raised by Mg?*

and Ge** doping, and the mechanism of improved luminescence was also discussed. Depending on photo-
luminescence excitation and photoluminescence spectroscopy, the crystal field strength of the GAdAlO3 host was
calculated. In addition, excellent color purity and good thermal stability were found in Mg®* co-doped GdAlOs:
Mn** phosphors. Furthermore, the luminescence spectrum of GAL: Mn*t, Mg?" phosphor was agreed well with
the absorption of Phytochrome Pgg, which convincingly confirmed that Mg?* co-doped GdAlOs:Mn** phosphors
show promise in indoor plant growth LEDs.

1. Introduction

Cultivating plants indoors, as a remarkably popular method, is
attracting gigantic attention due to its relatively stable environment and
the ability to resist the changeable climate including droughts, storms,
waterfloods and insect pests [1-3]. Light is a critical requirement for the
growth of plants indoors, which is pivotal energy for the photosynthesis
and can also provide the energy for sprout, blossom, fruits and other
morphogenesis of plants. In addition, some previous investigations have
demonstrated that light of various wavelength spectra have different
influences on plants growth. For instance, blue light (400-500 nm), red
(620-690 nm) and far red (700-740 nm) light are vital for photosyn-
thesis, phototropism, and photomorphogenesis, respectively [4,5].
Nowadays, the illuminants applied in cultivating plants indoors are
usually traditional categories, such as incandescent lamps, fluorescent
lamps and high-pressure sodium lamps [6]. Apparently, the traditional
lamps for cultivating plants indoors have some severe disadvantages,
such as high energy consumption, the mismatches between their

* Corresponding author.
** Corresponding author.
E-mail addresses: liwh@ciomp.ac.cn (W. Li), zlfu@jlu.edu.cn (Z. Fu).

https://doi.org/10.1016/j.physb.2019.411953

emitting spectra and the absorption spectra of plants [7]. LEDs based
solid-state light technology can effectively avoid abovementioned
shortcomings of traditional light sources, because LEDs have beneficial
merits, such as energy saving, long lifetime, low heat generating and
environmental friendliness [8,9]. Moreover, choosing suitable materials
and appropriate chips can lead to produce the most exceptional spectra
of plants growth. Phosphor-converted LEDs were fabricated by
combining the InGaN or GaN chip and the packaging materials including
phosphors and encapsulants to obtain the final devices, which is a
prospective artificial illuminants applied in agriculture and horticulture
indoors [10,11]. The phosphors play an important role in fabricating
LED devices, which can affect the luminous efficiency, lifetime and
spectral composition [12,13]. Herein, against this background, it is a
vital matter to develop the high quality phosphors which have wide
scope red and far-red emitting and strong absorption in blue light and
near ultraviolet light region for cultivating plants indoors.

There are a variety of blue-emitting and red-emitting materials
suitable for indoor plant growth LEDs in scientific research field which

Received 11 September 2019; Received in revised form 5 December 2019; Accepted 14 December 2019

Available online 16 December 2019
0921-4526/© 2019 Elsevier B.V. All rights reserved.


mailto:liwh@ciomp.ac.cn
mailto:zlfu@jlu.edu.cn
www.sciencedirect.com/science/journal/09214526
https://http://www.elsevier.com/locate/physb
https://doi.org/10.1016/j.physb.2019.411953
https://doi.org/10.1016/j.physb.2019.411953
https://doi.org/10.1016/j.physb.2019.411953
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2019.411953&domain=pdf

Physica B: Physics of Condensed Matter 581 (2020) 411953

X Lietal
(a) \ GdAIO,:2.0%Mn""
L )| n DN
GAAIO,:1.5%Mn""
I N
-
2 GdAIO_:1.0%Mn**
-
z \ GAAIO,:0.5%Mn
= o
= GdAIO,:0.1%Mn
L] 3
A | U SN
GdAIO,
A
PDF#97-024-9020
Ll AN B WA N W wilu 11
T T T T

T
10 20 30 40 50 60
20 (degree)

70

Fig. 1. (a) XRD pattern of GdA1O3: xMn**; (b) Crystal structure of GdAlO3.

have been reported. Deng et al. covered that red-emitting
3.5Mg0-0.5MgFy-GeOx:Mn** combinating 420 nm blue chip fabri-
cated LEDs were used to cultivate milk-Chinese cabbage and made a
good result [14]. Tamulaitis et al. reported that AlGaInP LED cultivated
radish and lettuce [15]. Moreover, some far-red emitting phosphors
synthesized via solid-state synthesis route applied for LEDs for plants
growth also have been investigated so far [16-18]. However, the syn-
thesis of far-red emitting materials by sol-gel method is rare, which can
effectively avoid ultrahigh calcination temperature. In this work, Mn**
doped GdAIOg3 farred emitting novel phosphors were prepared by a
sol-gel method. The crystal structure, luminescence properties and
concentration-related emission of non-rare earth phosphor were inves-
tigated and analyzed. In addition, we also probed into the luminescence
behaviors of Mn** in GdAlOs substrate via different impurity ions
co-doping and explained the relevant mechanism. The crystal field
strength parameters Dq, Racah parameter B and C of the GdAlO3 host
were evaluated and temperature-related emission spectra of GdAlO3:5%
Mn**, 2%Mg?" (abbreviated as: GAL:Mn**, Mg?*") phosphor were dis-
cussed. Good thermal stability, high color purity and coinciding well
with Phytochrome Ppgp vigorously demonstrated that Mg co-doped
GAL: Mn** phosphor has an anticipated capacity for indoors plant
growth LEDs.
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2. Experimental section
2.1. Raw materials

The starting raw materials of Gd(NOs3)3:6H20 (99.99%), Al
(NO3)3-9H,0 (99.99%), Mn(NOs)o-4H,0 (98%), MgO (99.99%), GeO,
(99.99%), LiNO3(99.99%), citric acid were purchased from Aladdin and
used without further purified. Mg(NO3), and Ge(NO3)4 were obtained
by MgO and GeOj reaction with nitrate solution.

2.2. Sample preparation

A series of Mn** doped GdAlO5 phosphors were synthesized by sol-
gel method. Based on the formula of Mn*t/A (x/y): GdAl;.4y03,
wherein x stands for the amount of Mn**, and y represents the amount of
the co-doping cation A, corresponding nitrate solution was mixed and
the citric acid was added to the metal ions solution as the chelating
agent. The stoichiometric proportion of citric acid to total metal-ions
was 2: 1. The mixture was stirring for some time to form the
extremely transparent solution. Then, the transparent solution was dried
at 90 °C for 24 h to obtain the light brown gels. After calcination at 500
°C for 2 h, the precursors were obtained. Eventually, the precursors were
further sintered at 1000 °C for 4 h and thoroughly grounded for 30 min.

2.3. Characterization

The powder XRD data for phase identification were recorded with on
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Fig. 2. (a) PLE spectra (Aey, = 698 nm) and PL spectra (Aex = 467 nm) of GdA103:0.5%Mn*"; (b) Decay curve of Mn** 2Eg excited state in GdA1O3: 0.5%Mn*" under

355 nm UV light excitation.
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Fig. 3. (a) The PL spectra of GdAIO5:xMn** (x = 0.1-2.0%) phosphors excited at 467 nm; (b) The relationship between log (I/x) and log(x) of GdAIOz:Mn**(x

represents the concentration of Mn*h).

a Rigaku-Dmax 2500 diffractometer in the 26 range from 10° to 80°
using Cu Ka radiation (A = 0.15405 nm). Excitation and emission spectra
were recorded on a Zolix spectrofluorometer with a LSP-150 W Xe lamp.
The phosphors were located in a copper tank with the increasing tem-
perature heated by resistive wire elements to get temperature-related
spectra. The measurements of PL decay lifetime were implemented
using a time-correlated single-photon counting (TCSPC) lifetime spec-
troscopy system with a 355 nm laser source. Absolute photo-
luminescence quantum yields (QYs) were measured by the absolute PL
quantum yield measurement system (C9920-02, Hamamatsu Photonics
K. K., Japan).

3. Results and discussion

3.1. Phase formation and crystal structure

The XRD patterns of GdAl;4O3: xMn** (x = 0, 0.1%, 0.5%, 1%,
1.5%, 2%) (GAL: Mn*hH) phosphors are demonstrated in Fig. 1(a). As
shown in Fig. 1(a), the synthesized samples show a pure GdAlO3 phase,
well indexed to PDF#97-024-9020, indicating that no impurity phases
are introduced with the addition of Mn**. The crystal structure of the
GdAIO3 orthorhombic phase is judged with lattice parameters of a =
5.2537 A, b = 5.3039 A, ¢ = 7.4435 A and a space group of Pnma [19].
Corresponding crystal structure of GdAlOj3 is established by applying
Diamond software and unit cell structures of pure GdAlO3 are shown in
Fig. 1(b). As illustrated in Fig. 1(b), Gd atoms are coordinated to six O
atoms and Al atoms are coordinated to six O atoms presenting the oc-
tahedron structure in the GdAlO; crystal. In GdAlO3: Mn** phosphors,
the ion radius of Mn** (r = 0.053 nm) is closer to the ionic of AI*(r =
0.0535 nm). Thus, Mn** ions easily occupy Al ions sites in the GAAlO3
host [20].

3.2. Luminescence behaviors

The photoluminescence excitation (PLE) (A, = 698 nm) and pho-
toluminescence spectroscopy (PL) (Aex = 467 nm) spectra were recorded
at room temperature to explore the photoluminescence properities of
GAL:Mn*" and are presented in Fig. 2(a). The PLE spectrum monitored
at 698 nm consists of two broad bands, which can be fitted by four
Gaussian curves with the center peak value at 321, 360, 416 and 483
nm, are attributed to Mn-O charge-transfer band, ground state 4A2g to
excitation states 4T1 g,szg,“ng, respectively [21,22]. It is worth nothing
that GAL:Mn** can be excited by 360 nm and that means the phosphor
can be availably excited by near UV, UV and blue LED chips for its

application. As demonstrated in PL, we can judge the Mn*" in weak or
strong crystal cases preliminarily. Generally, in the weak crystal field
cases, the emission spectrum consists of T, -*A, spin allowed transition,
which displays a broad band. However, in the strong crystal field, the
emission spectra appear as a sharp peak originating from 2E—4A2 spin
forbidden transition [23]. Therefore, we can judge the Mn** in strong
crystal cases preliminarily. In addition, As shown in Fig. 2(a), in the
emission spectrum of Mn*" doped GdAlOs, it includes three peaks at
682 nm, 698 nm and 720 nm owning to different lattice vibrations of
Mn** ion in octahedral symmetry [24,25].

Fig. 2(b) demonstrates the luminesence decay curve of the GAL:0.5%
Mn** sample. The decay lifetime of the sample is fitted with double
exponential expression[12,26].

I=Aexp(—1t/7)+Ar exp(—t/ 1) @

where I is the luminescent emission intensity of the GAL:0.5%Mn*"
sample, 7 and 75 are the lifetime components, A; and A, are constants.
The average lifetime can be obtained according to the following
expression:

T:Alr%-&-Azf% @

A1T1 + AzTZ

The fitting results of 71, T2 and A;, Ay are 0.000170 s, 0.00128 s and
211.05, 220.50, respectively. The decay lifetime of the GAL:0.5%Mn*"
is 1.15 ms according to equation (2) via fitting and calculating. The bi-
exponential fitting is also presented in Mn*t doped CaYAIlO4 phosphors
[22]. In GdAlOg structure, Al has only one site and Mn** substituted the
AI®* site. We considered that the phenomenon was ascribed to the
defect-induced non-radiative transition, which was originated from the
charge mismatch between Mn** and AI** [27].

Fig. 3(a) displays PL spectra of GAdAIOg:xMn*"excited at 467 nm (x =
0.1%, 0.5%, 1%, 1.5%, 2%). The position and shape of samples with
different Mn** contents are identical except the relative intensity. The
luminescence intensity increases gradually with increasing of
Mn**concentrations. From the inset of Fig. 3(a), when the Mn** con-
centration x reaches 0.5%, the luminescence intensity reaches
maximum, then decreases with further increase of Mn*" concentrations,
which is attributed to concentration quenching effect [28]. Generally
speaking, concentration quenching often happens in rare-earth or
transition metal ions doped phosphors owning to the energy transfer
between neighboring cations. The critical distance (R.) is an important
parameter in quenching mechanism which can be calculated using the
following formula [29,30].
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Fig. 4. (a) XRD pattern of different ions co-doped GdA103:0.5%Mn*"; (b) The emission spectra of GdA103:0.5%Mn*" with different impurity doping under the

excitation of 467 nm.
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Fig. 5. Tanabe-Sugano energy-level diagram of Mn*" in GdAlO3 host.

Fig. 6. Mechanism of improved Mn*" luminescence via doping of Mg?"
and Ge**.
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where V represents the volume of unit cell, N is the number of available
occupations for the dopant in the unit cell, X, stands for the critical
concentration for Mn**. As for GdAIOs host, V = 207.41 A%, N = 4 and
« = 0.5%. Therefore, R, can be calculated by equation (3) and the value
for GAAlO5:xMn*" is obtained to be 27.05 A. The value is far beyond 5
A, illustrating that the exchange interaction mechanism is unreasonable
for the energy transfer among Mn*" [31]. And we can utilize the
following equation to confirm the type of interaction [32,33].

1= K14 @

where I is the PL intensity, x represents the activator concentration over
the critical concentration, K and p stand for the constants. And 6 = 6, 8,
10 denote the dipole-dipole (d-d), dipole-quadrupole (d-q), and
quadrupole-quadrupole (q-q) interaction, respectively. Fig. 3(b) shows
the relationship between 1g (I/x) versus 1g(x), which can be fitted by a
straight line and slope is —1.73 (-0/3). The value of 0 is 5.19 closer to 6,
which manifests that dipole-dipole interaction dominates for the emis-
sion quenching of Mn** ions in GdAlOs:Mn** phosphors.

At the same time, we also investigated the luminescence behaviors of
Mn** via different impurity doping. We doped three ions with same
concentration to the GdAlO3:0.5%Mn4+ samples. Fig. 4(a) shows the
XRD patterns of different ions co-doped GdAlO5:0.5%Mn*", which
suggests the samples with different ions doping remain to be pure
GdAIlO; phase. Fig. 4(b) depicts the effects of Li*, Mg?t, Ge*" on the
emission intensities of GdAlOs:Mn*". Mg?t and Ge** are capable of
improving the luminescence of GdAlOg:Mn** phosphors, while Lit does
not have obvious influence.

Generally, Mn** luminescence is prone to the crystal field strength
and site symmetry of host, since the 3 d® electronic configuration of
Mn*t is the outer shell [34]. This can be depicted using the
Tanabe-Sugano diagram, as demonstrated in Fig. 5 [12]. Generally, the
electrons in 4A2g ground state transfer to the 4T1g, 2T2g and 4T2g excited
state under the excitation of 467 nm. The local crystal strength Dq can be
obtained by the following equations [35,36].

Dq = E (*Agy —*T2,)/10 (5)

On the basis of the formula and spectra, we can calculate the Dq =
2057.6 cm~ ! (the wavenumber of 4A2g —>4T2g is 20576 cm™1). In the
Tanabe-Sugano diagram, the Racah parameter B is a critical parameter
which can be expressed:

Dg _15(x—8)

B x2—10x ©®
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Fig. 7. (a) The PL spectrum of GAL: O.S%Mn‘”, 2%Mg24r under the excitation of 467 nm and the absorption spectrum of the phytochrome (Pggr); (b) The CIE
chromaticity coordinate of GAL: 0.5%Mn**, 2%Mg>". Insets display the picture under daylight and a 365 nm UV lamp.

where the x can be calculated by the following expression:

E(*A,~'T,,) — E(*4,,~'T,, )

g 1g 2g 2g

X= (7)
Dq

Another Racah parameter C can be evaluated from the expression:

4
E(zEp A2g) 3.05C
B B

1.8B
79— 8
+ Dg ®

where E (*Agg—"T1g), E (*Azg—*To) and E (*Eg—*Azg) were 28011
em™!, 20576 em™! and 14326 cm~! from the excitation spectra,
respectively. Therefore, according to formula (5)-(8), the Dq/B, Racah
parameter B and C were obtained to be 2.84, 721.9, 2975 em?,
respectively. The crystal field is seen as “strong” because the Dq/B
overtops the value of 2.2, which is consistent with preliminary judgment
from the emission spectrum [37].

It is noteworthy that Mg?" ions are found to improve the lumines-
cence of the GdAIOs: Mn*" most efficiently. Fig. 6 may explain the
reason for the luminescence behavior. Mg?" ions tend to substitute both
AP and Gd®* sites, because the radius of Mg?t(r = 0.72 A, CN = 6) is
the middle between the A3 (r = 0.53 A, CN = 6) and Gd*>*(r = 0.938 A,
CN = 6). As a result of the different charge between Mn** and A13+, the

charge compensation is required. On the one hand, Mg2+—MgZJr pairs
substitute Gd>*-Gd3* pairs to compensate the charge. On the other
hand, Mn**-Mg?" pairs can also occupy AI**-A1**pairs in the absence of
charge compensation. However, the existence of Mn*f-Mg?" pairs
inhibited the energy migration among Mn** effectively [38]. As for
Ge** co-doped GdAIO3:Mn**samples, the ionic radius of Ge** (r = 0.54
A, CN = 6) approaches to the ionic radius of AT (r =053 10\, CN = 6).
Thus, Mn*"-0%-Mn*" can transfer Ge*-0*-Mn*" and Ge** ions will
interrupt the energy immigration among Mn** ions [39]. When Li*
co-doped GdAlO5:Mn** sample, the ionic radius of Li* (r = 0.92 A, CN
= 6) is closer to the ionic radius of Gd3t (r=0.938 ;\, CN = 6). Hence,
Li" ions have no ability to keep charge neutralization of the phosphors.
So, we cannot find that co-doping Li* has any influence on Mn**
luminescence.

3.3. Application of GdAIOz:Mn** in plant-growth LEDs

Fig. 7(a) displays the emission spectrum of GAL: 0.5% Mn**, 2%
Mg phosphors and the absorption spectrum of phytochrome Pgg.
There is a tremendous overlap between the absorption spectrum of
phytochrome Py and the emission spectrum of GAL: 0.5%Mn*", 2%
Mg?*, which suggests that present phosphor has an expansive outlook
for application in plant cultivation. In addition, GAL: 0.5%Mn*", 2%
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Table 1

The thermal activation energy of different phosphors.
Phosphors Thermal activation energy Ref.
GdAlO3:Mn*" 0.373eV This work
Ca,LaTaOg:Mn** 0.320eV [46]
LisLasTay0;2:Mn* 0.311eV [47]
LisMg,NbOg:Mn** 0.318eV [48]
Sr,SisNg:Et?* 0.190eV [49]
CayGdSbOg:Mn** 0.368eV [50]
BayYNbOg:Mn** 0.315eV [51]
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Fig. 9. Configurational coordinate diagram for Mn** ions in GdAlOs.
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Mg?* is demonstrated with a quantum yield of 24% upon a 467 nm
excitation, which is higher than some previous reported Mn** doped
phosphors, such as SrLaScOg4: Mn‘”(PLQY = 12.2%), Caj4Al19ZngO03s:
Mn**(PLQY = 19.4%) [40,41].

Fig. 7(b) illustrates the CIE chromaticity coordinates of GAL: 0.5%
Mn4+, 2%Mg2+. The CIE chromaticity coordinates (0.6565, 0.3432)
were obtained by the emission spectra of samples. In addition, we also
calculated the color purity of phosphor according to the following for-
mula [42].

2 2
Color purity = \/ %
4= X . — Vi

)

Herein, (xs, ys) is the CIE chromaticity coordinates of the phosphors;
(x4, Ya) represents the CIE chromaticity coordinates of the dominant
wavelength, which can be obtained by various of ways. (x;, y;) refers to
the illuminant point of the 1931 CIE Standard Source C. The color purity
of GAL: 0.5%Mn"**, 206Mg?" phosphors is 99%, which implies that Mn**
doped GdAlO3 phosphors have high color purity.

As far as we know, the thermal stability capacity standard of phos-
phor is a crucial parameter in plant growth LEDs. Fig. 8(a) depicts
temperature dependence of Mn*" luminescence at different tempera-
ture. We utilize the normalized intensity of the PL intensity as a function
of the temperature to obtain the temperature at which the emission
intensity is half of that at 300 K. The study demonstrates the tempera-
ture at the emission intensity is half of that at 300 K is 469.5 K and the
intensity of luminescence at 475 K is 45.8% of the luminescence in-
tensity at room temperature (300 K), which shows GdAlO3 doped with
Mn*" is a great material with good thermal stability.

The activation energy originating from thermal quenching process
can be depicted by the next expression [43,44].

)

[:1 + cexp( — AE/KT) (10

Ip and I are individually the luminescence intensity at the starting

Physica B: Physics of Condensed Matter 581 (2020) 411953

temperature and at temperature T. Where k is Boltzmann’s constant, c is
a constant and AE is thermal activation energy.
By transforming formula (10) to other forms:

Iy/I—1=cexp(—AE/kT) an

In(ly /I —1)=1Inc — AE/KT (12)

Accordingly, the dependence of In (Iy/I-1) on 1/kT with linear fitting
is displayed in Fig. 8(b). The scope of straight line is —0.373, so AE is
equal to 0.373 eV. Table 1 shows the thermal activation energy of some
materials. The thermal activation energy AE of GdAlOs doped with
Mn** is larger than other AE in many materials, which further suggests
that Mn*" doped GdAIO3 phosphors have good thermal stability.
Furthermore, the possible thermal quenching mechanism was put for-
ward in Fig. 9. Generally speaking, the electrons of ground state 4A2g are
excited to 4Tlg or 4ng under the excitation of 467 nm, then relax to the
2Eg via non-radiative transition process [45]. Next, the electrons located
in 2Eg level would return the ground state 4A2g in two ways. One route is
2Eg—>4A2g radiation process, which can emit 698 nm light at room
temperature. The other route is that 2Eg level absorbs enough energy to
get the b point at the high temperature, then returns to d point through
nonradiative relaxation process (a—b—d) and it can diminish the
luminescence of samples [46].

4. Conclusion

In summary, far-red emitting GAL: xMn*" materials were synthe-
sized by a simple sol-gel method and the crystal structure, luminescence
properties of phosphors were investigated systematically. Impressively,
during the research, we found that impurity Mg?* co-doping can boost
the luminescence intensity of phosphors and we explained the possible
reasons of improved luminescence in detail. The concentration
quenching mechanism and the crystal-field parameters of the GdAlO3
were investigated and analyzed. The high color purity, good thermal
stability and the coinciding well with the absorption of phytochrome Ppg
vigorously confirm that GdAlO3:0.5%Mn*", 2%Mg>** phosphor has a
brilliant outlook in plant growth LED indoors.
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