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The design of thermostable phosphor is still a pivotal challenge in pc-WLED applications. Herein, an
efficient strategy is proposed to design excellent thermostable red emission in the singly Mn2?*-doped
near-zero thermal expansion (NZTE) material Li,Zn3(P,O5),. Under the excitation of 412 nm wavelength,
the emission could be tuned from 636 to 672 nm by increasing the Mn2*-doping level via synthetic
effects among the crystal field, the exchange coupling interaction in Mn—Mn dimers, and energy transfer
in different luminescence centers. The PL intensity of LZPO:Mn?* could be maintained at 97% at 150 °C
and 94% at 200 °C of its initial intensity at room temperature. During the heating process, LZPO pre-
sented near-zero thermal expansion, contributing to the nearly unaffected PL intensity. The emission
loss was also compensated by trap-assisted energy transfer to the luminescent center. This study not
only offers a perspective idea for elucidating the correlation between the crystal structure and optical
properties, but also opens a new way of designing excellent thermostable luminescent materials based

rsc.li/materials-c

1. Introduction

With regard to the exceptional advantages of high color rendering,
long service lifetime, low energy consumption, eco-friendliness,
fast response, phosphor-converted white-light-emitting diodes
(pc-WLEDs) play an important role in many areas, such as solid-
state lighting, backlight displays, and information security.'®
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meters, emission peak position fitted by Gaussian method and corresponding

lifetime of LZPO:xMn>" samples. Rietveld refinement XRD pattern, the diffuse
reflectance spectra of LZPO:xMn>" (x = 0.05, 0.1, 0.3) phosphors. PL spectra and

XPS spectrum of LZPO:0.1Mn>*". Temperature-dependent PL spectra of

LZP0:0.01Mn>" with different Mn-source sintered in air and N,(90%)-H,(10%)

atmosphere. See DOI: https://doi.org/10.1039/d3tc01683h
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on NZTE materials in self-reduction systems.

Phosphors are one of the indispensable components in pc-
WLED devices, and their photoluminescence (PL) thermal sta-
bility plays a crucial role in practical applications, which is
usually evaluated by the thermal quenching (TQ) behavior.” ™
Thermal quenching (TQ) is caused by the anabatic non-radiative
relaxation of electrons from the excited state to the ground state
at high working temperature.""™* It shortens the service life-
time of pc-WLED devices and restrains the widespread use of
phosphors. Hence, it is necessary to explore luminescent materials
with excellent thermal stability. However, the design of novel
phosphors with excellent thermal stability is still a significant
challenge. To date, much effort has been devoted to designing
different strategies to solve the emission loss with increasing
temperature. For example, defect engineering is a normal approach
to achieve excellent PL thermal stability, such as in blue-emitting
phosphors  NazSc,(PO,);:Eu**,"  yellow-emitting phosphors
LiZnPO,:xMn>",'®> orange-red phosphors B-KMg(PO;);:Mn>",'®
and red-emitting phosphors BaXP,0,:Mn*'(X = Mg/Zn),"”
NaZn(PO;);:Mn>"."® However, the precise control of defect
position in the matrix lattice is still a challenge. Otherwise,
energy transfer between the traps (or sensitizers) and the lumi-
nescence centers (activators) helps to gain excellent thermostable
emission, such as in SrGa,Si,0:Mn*",'® BaMgP,0,: Eu>", Mn>*,*°
Mg;Y,Ge;01,:Eu®’, Mn*'*! and Ca,LuZr,Al;0,,:Cr**,Yb*".** The
efficiency of energy transfer is ultimately determined by the

This journal is © The Royal Society of Chemistry 2023
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crystal structure, whereby the matrix should have suitable sites
for both sensitizers and activators. Structural modulation can
also be effective for enhancing PL thermal stability, such as in
(Zn,Mg)B,0,:Mn>",** (Sr,Ca)AlSiN;:Eu**,>* and Ca(Sc,Mg)(AlSi)-
04:Cr**.>* Nevertheless, the luminescence properties of lumi-
nescent ions are influenced by the radius size, charge, and
electronegativity of the matrix cations. In addition, choosing an
ideal host with specific performance is an efficient way to achieve
high PL thermal stability for luminescent ions. Many cases have
been successfully reported, such as the zero thermal expansion
(ZTE) material Zn B¢Oy3:Mn>" phosphor,*® negative thermal
expansion (NTE) materials Sc,W;0;,:Eu®",”” Cs;GdGe;0q:Eu’",?®
and Sc,(Mo0O,);:Yb**/Er**,* and layered structural design of
MgIn,P,0,,Tm*",Dy**** and SrIn,P,0,,,Tm** Dy**, and so on.*"

In this study, we synthesized a sequence of red-emitting
Li,Zn;_,(P,0,),:xMn>* phosphors (abbreviated as LZPO:xMn>")
by a high-temperature solid-state reaction method at ambient
atmosphere. The compound Li,Zn;(P,0;), was chosen as an ideal
matrix material because of its outstanding structural stability.
The rigid anionic groups [P,0,]*~ were constructed to protect the
Mn>" ions from being oxidized at high temperature, which lay the
foundation for the little TQ. At 150 °C, the PL intensity of the
LZPO:Mn>* red phosphor was 97% of that at room temperature,
and even at 200 °C, the PL intensity of the LZPO:Mn>" red
phosphor was still 94%, demonstrating its excellent PL thermal
stability. The corresponding kinetic mechanisms are discussed in
detail via experimental analysis. Based on the Rietveld refinement
method, the crystal structure was elucidated. The emission could be
tuned from 636 to 672 nm by increasing the Mn**-doping level, and
the corresponding luminescence mechanism was explored. These
results indicate that the LZPO:Mn** phosphor could be a promising
material in applications of high-power (HP) pc-WLEDs. This paper
not only offers a perspective idea to reveal the correlation between
the crystal structure and optical properties, but also initiates a new
avenue of research for designing excellent thermostable lumines-
cent materials based on NZTE materials.

2. Experimental

2.1. Materials and preparation

The as-prepared LZPO:xMn>" (x = 0-0.5) phosphors were synthe-
sized by a conventional high-temperature solid-state method
under an air atmosphere. Li,COz; (97%, A.R.), ZnO (>99.0%,
BEIJING SHIJI), MnO, (>99.9%, Alfa Aesar), MnCO; (>99.9%,
Alfa Aesar), and NH,H,PO, (> 99.0%, BEIJING SHIJI) were used as
the initial chemicals without further purification according to the
stoichiometric ratios. The weighed mixtures were transferred to an
agate mortar and ground thoroughly for 30 min. The samples were
then put into an alumina crucible and sintered at 700 °C for 10 h,
and cooled to room temperature. By an additional grinding, a fine
powder was obtained for further characterization. Additionally, a
series of LZP0:0.01Mn>" phosphors samples with different Mn
sources (MnCOs;, MnO,) were synthesized under an air atmosphere
and under a reduced atmosphere of N, (90%)-H, (10%) in the
same way.

This journal is © The Royal Society of Chemistry 2023
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2.2. Characterizations

The phase purity was identified using X-ray diffraction (XRD)
on a Bruker D8 ADVANCE powder diffractometer with Cu K,
radiation (4 = 1.54 A) under 40 kV and 40 mA at room
temperature. The scanning rate was 0.6° min~'. XRD Rietveld
profile refinements of the structural models were performed by
using TOPAS 4.2. Diffuse reflectance (DR) measurements were
recorded on the UV-visible-diffuse reflectance spectroscopy
system UV-3600i Plus (Shimadzu Corporation, Japan). X-Ray
photoelectron spectroscopy (XPS) was performed using an XPS
microprobe system (Thermo SCIENTIFIC ESCALAB 250Xi).
Electron paramagnetic resonance (EPR) spectra of the samples
were obtained on a Bruker A300 spectrometer with the X-band
(9.84 GHz) at room temperature. Thermoluminescence (TL)
glow curves were measured using a TL spectroscopy system
(TOSL-3DS) at a heating rate of 0.2 K s '. Photoluminescence
excitation (PLE) and photoluminescence emission (PL) spectra
were obtained on an Edinburgh Instruments FLSP-920 fluores-
cence spectrophotometer equipped with a 150 W xenon lamp as
the excitation source. The temperature-dependent PL spectra
were evaluated with the same instrument with a temperature
controller. The room temperature PL lifetime decay curves of the
as-prepared samples were recorded on the same spectrometer with
412 nm wavelength laser radiation as the excitation source.
Photoluminescence quantum yield (PLQY) values were collected
on an absolute PL quantum yield measurement system (C11347-
11, Japan). The LED devices were fabricated by mixing commercial
BaMgAly;0,,:Eu”” (BAM:Eu®*) blue phosphor, (Ba,Sr),SiO Eu®*
green phosphor, the as-prepared LZPO:0.1Mn>" phosphor, and a
commercial 365 nm UV chip. Luminescence measurements of the
as-fabricated pc-WLED devices were carried out at 3.16 V voltage
and at a 20-300 mA driving current. The electroluminescence (EL)
performance of the pc-WLED devices were measured on a HAAS
2000 photoelectric measuring system (380-1100 nm, EVERFINE,
China) with an integrating sphere.

3. Results and discussion

3.1. Phase identification and crystal structure analysis

Fig. 1a shows the crystal structure of Li,Znjz(P,0),, which
belongs to an orthorhombic phase with the space group Phcm
(57).*? In this structure, there are two symmetry-independent
sites for Zn atoms. Each Zn atom coordinates with five O atoms
to form [ZnOs] trigonal bipyramids. The Zn1 site is completely
occupied, while the Zn2 site is occupied by Zn>" and Li" cations,
and the Zn**/Li* ratio is 1:1. Half of the Li* cations are
disordered at the partially occupied Zn2 positions. The other
half are coordinated with four O atoms and at the interstitial
positions. The two completely occupied [Zn10Os] and the par-
tially occupied [Zn20s] trigonal bipyramids are connected by a
common edge to form [Zn,0g] dimere. These [Zn,0g] dimers
alternately share edges to form [ZnOs] chains running along the
¢ axis. The three-dimensional framework structure of
Li,Zn3(P,0;), is formed by [ZnOs] chains sharing tetrahedra
vertices with [P,O;] dimers. In order to analyze the phase
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Fig. 1 (a) Crystal structure diagram of the LZPO host. (b) XRD patterns at 20 = 10°=50° of Li»Znz_(P.07)2:xMn?* (x = 0-0.5) samples. (c) Rietveld
refinement of the LZPO:0.1Mn?* sample. (d) Variation of the cell parameters (a)—(c) and cell volume (V) with the increase in Mn?* concentration,

respectively.

structure, the X-ray diffraction (XRD) patterns of LZPO:xMn>'
(x =0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.5) phosphors and the standard
card (ICSD#260280) of Li,Zn(P,0,) were compared and are shown
in Fig. 1b. The as-prepared LZPO:xMn>* phosphors could be well
indexed as pure phases according to the standard card, indicating
that the incorporation of Mn?" into the LZPO lattice had no effect on
the phase purity. For getting more detailed information, Rietveld
refinements of the LZPO:xMn>* (x = 0, 0.01, 0.1, 0.2, 0.3) samples
were performed (Fig. 1c and Fig S1la-d, ESIt). Tables S1-S3 (ESIt)
list the refined structural parameters and cell parameter values. The
LZPO host yielded a = 5.18166 (14) A, b = 13.1903 (3) A, ¢ = 16.1267
@A a=y=p=90°V=1102.22 (5) A’, and R, = 4.08%, Ry, =
5.34%, > = 2.5. As for the LZP0O:0.1Mn** sample, a = 5.18097
(18) A, b = 13.1996 (4) A, ¢ = 16.1532 (5) A, a =y = f = 90°, V =
1104.66 (6) A%, and R, = 4.43%, Ry, = 5.99%, 1* = 2.51. Owing to
having the same valence and a similar ionic radius, the Mn*>*
(r=0.75 A, CN = 5) ions prefer to occupy the 5-coordination Zn>"
(r=0.68 A, CN = 5) sites in the lattice. As shown in Fig. 1d, the
cell parameters and lattice volume showed a good linear
increase versus the doping level x, which was caused by the
replacement of the larger Mn>* ions for Zn>* ions. These results
imply the synthesis of single Mn>'-doped single-phase
LZPO:xMn** materials and the successful integration of Mn**
ions into the lattice.

10686 | J. Mater. Chem. C, 2023, 11,10684-10693

3.2. Optical properties of LZPO:xMn>* (x = 0.01-0.5) phophors

Fig. 2a displays the diffuse reflectance spectra of the LZPO host
and LZPO:0.1Mn>", and photoluminescence excitation (PLE)
spectrum of LZPO:0.1Mn>", respectively. The energy absorption
of less than 230 nm came from the ultraviolet (UV) absorption
of the matrix.

As for LZPO:0.1Mn**, the absorption of 270 nm was derived
from the charge-transfer band of 0> -Mn**. Another absorp-
tion band ranging from 400 to 450 nm was noted, originating
from the d-d transition of Mn".?>*?* In addition, there was a
weak valley in the wavelength of about 600 nm in the diffuse
reflection spectra of the LZPO:xMn>" (x = 0.05, 0.1, 0.3) phos-
phors (Fig. S2, ESIT). All the samples showed the same valley
due to the small number of high valence states of Mn, which
was caused by the limited self-reduction ability of Mn** in the
air condition. According to the literature research, this weak
valley is similar to the absorption of *A, — *T, for Mn**,**¢
and the absorption of *A, — T, (°F) for Mn>".>’7*° The optical
band gap of the undoped LZPO sample can be calculated by
utilizing the Kubelka-Munk equations (see the inset of
Fig. 2a):*%*

F(R)hv = C(hv — E,)? (1)

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Diffuse reflectance spectra of LZPO and LZPO:0.1Mn?* phosphors, PLE spectrum of LZPO:0.1MNn?* (Jem = 651 nm); inset plot shows [F(R o)
hvI¥2 versus hv (eV). (b) Normalized PL spectra of LZPO:xMn?* (x = 0—0.5); inset shows the luminescent photographs of LZPO:xMn?* (x = 0.01, 0.1, 0.2,
0.3) phosphors under 365 nm wavelength excitation, and CIE color coordinates diagram of LZPO:xMn?* (x = 0.01-0.5) under 412 nm wavelength
excitation. (c) Variations in the PL intensity and peak position as a function of the Mn?*-doping concentration (x). (d) PL decay curves of LZPO:xMn2* (x =
0-0.5) monitored from 636 to 672 nm under 412 nm wavelength excitation.

FR)=(1 — R)/2R (2)
hy = @ (3)

where R represents the experimentally obtained reflectance, % is
Planck’s constant, v is the light frequency, C is a constant, E,
means the optical band gap, and 1 is the absorption wave-
length. Here, n is equal to 1 or 4 depending on whether the
semiconductor is a direct or indirect type. Here, the value of n
was 4. The calculated E, value for LZPO was 5.69 eV, implying
the LZPO host is an ideal matrix. According to the previous
findings, a wide-bandgap host material is required to obtain
temperature-stable Mn”>* luminescence in high-power pc-
WLEDs.** By monitoring the emission peak at 651 nm for x =
0.1, the PLE spectrum covered the UV-vis region from 250 to
500 nm. The excitation band centered at 317 nm origined from
the charge-transfer band (CTB) of Mn®>"-O*". Other bands cen-
tered at 347, 365, 412, and 467 nm were noted and ascribed to the
spin-forbidden d-d transitions of Mn>" from the ground state
®A4(®S) to the excited states, “E(*D), “T,(*D), [*A1(*G),"E(*G)], and
“Ty(*G), respectively.**** Fig. S3 (ESIt) shows the typical

This journal is © The Royal Society of Chemistry 2023

photoluminescence (PL) emission spectra of the LZPO:xMn>**
(x = 0.01-0.5) samples. Upon excitation at 412 nm wavelength,
the asymmetric PL spectrum of LZPO:xMn>" presented a broad-
band red emission in the range from 530 to 800 nm, suggesting
that there were different luminescence centers. From the normal-
ized PL spectra of LZPO:xMn>" (x = 0-0.5) (Fig. 2b), an obvious
red-shift of the emission peak from 636 to 672 nm was observed.
The emission color under 365 nm wavelength excitation con-
tinuously changed from red to deep-red, whereby the corres-
ponding Commission Internationale de I'Eclairage (CIE) color
coordinates indicated that red to deep-red phosphors were
achieved.

With increasing the doping level, the PL intensity first
increased, and then decreased due to the concentration
quenching effect (Fig. 2c). The optimal doping concentration
was at x = 0.2. The internal quantum efficiency (IQE) of the
LZPO0:0.2Mn** sample was 53.6% under 416 nm excitation. The
emission peak changed from 636 nm at x = 0.01 to 672 nm
at x = 0.3, and then remains unchanged at the higher doping
level of x = 0.5.

The PL decay curves of LZPO:xMn>* were tested under
412 nm wavelength excitation to further investigate the

J. Mater. Chem. C, 2023, 11,10684-10693 | 10687
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luminescence performance. They could be fitted by a second-
order exponential function:**™*

t t
I1(t) = Ay exp (—;) + A exp (—a>

where (t) is the PL intensity at time ¢, A; and A, represent the
fitting constants, and 7, and 7, are the rapid and slow decay

(4)

times for the exponential components, respectively. The aver-
age luminescence lifetime (1) can be calculated by the following
equation:

B Alr% + Azr% 5
B At + Artr ( )
As the Mn** concentration singly increased, the lifetimes of
74, Ty, and t for LZPO:xMn>" continuously decreased from
20.29 to 4.76 ms, 41.72 to 18.35 ms, and 40.02 to 16.12 ms,
respectively. The lifetimes of 74, 7,, and © showed the same
variation trend, which were caused by the enhanced interaction
between the Mn®" ions at a high doping level (Fig. 2d and
Table S4, ESIT).
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To analyze the luminescence centers of Mn>" ions, the PL
spectra of LZPO:xMn** phosphors were fitted by the Gaussian
method and the corresponding lifetimes were measured (Table
S5, ESIt). The broad-band red emission of LZPO:xMn>* con-
sisted of two emission peaks (Fig. 3a—-c and Fig. S4a—-c, ESIt),
indicating that the Mn>" ions occupied two different sites. One
peak was in the red region (named P1), while the other was in
the deep-red region (named P2). The XPS spectrum of the
representative LZP0O:0.1Mn>" phosphor (Fig. S5, ESI) revealed
photoelectron peaks corresponding to Li 1s, P 2p, O 1s, Zn
2P32, Z 2P1s5, and Mn 2pz),. The detailed high-resolution XPS
spectrum and fitting results of the LZPO:0.1Mn>" phosphor
with Mn 2pj;,, are exhibited in Fig. 3d. The peak at 641.5 eV
belonged to the 2p;/, of Mn?*, and peak at 643.5 eV belonged to
the 2p;,, of Mn*", which further confirmed that the lumines-
cence in this study originated from Mn>" ions.*® The self-
reduction of Mn*" to Mn®" in the air condition was confirmed
by the XPS analysis. When Mn** is doped into the LZPO matrix
lattice and sintered in the air condition, it will be oxidized to
Mn*" in the beginning. In order to keep the charge balance, one
Mn** will replace two Zn>" sites, leading to the formation of a
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Fig. 3 (a)-(c) Gaussian fitting of LZPO:xMn?* (x = 0.01, 0.1, 0.3). (d) Detailed high-resolution XPS spectrum and fitting results of Mn 2ps, in
LZPO:0.1Mn?". (e) Local structure of [Zn,Ogl dimers chain. (f) EPR spectra of LZPO:xMn?* (x = 0.01, 0.1, 0.3). (g) Full widths at half maximum (FWHMs)
of LZPO:xMn?* (x = 0.01-0.5) samples. (h) and (i) PL decay curves of LZPO:xMn?* (x = 0—0.5) monitored at 628—654 nm and 680-700 nm, respectively,

under 412 nm wavelength excitation.
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defect with two positive charges. While a vacancy V.~ is
produced with two negative charges at the nearest position.
Finally, the two negative charges will be transferred to the Mn**
position to reduce it to Mn**. As discussed before, Mn>** ions
prefer to occupy Zn sites in the lattice. Therefore, P1 in the red
region was ascribed to the “T;(*G) — °A;(°S) transition of the
luminescence center of [MnOs] at Zn sites. From the local
structure of the [Zn,0g] dimers in Fig. 3e, the distances between
Zn1-Zn1, Zn2-Zn2, Zn1-Zn2 were 3.1995 (4), 2.857 (1), and
3.2500 (7) A, respectively. When the Mn>" ions are doped into
the lattice, Mn>* ions will replace Zn>" ions to form Mn-Mn
dimers due to the short Zn-Zn distances, which were less than
5 A.** The broad emission P2 should likelyoriginate from the
Mn-Mn dimer (named [Mn,Og]) formed by both Mn>" ions
replacing Zn-Zn sites due to the shorter distance.

The luminescence centers of [MnOs] and [Mn,Og] were
further verified by the electron paramagnetic resonance (EPR)
spectra (Fig. 3f). The well-resolved sextet hyperfine lines were
ascribed to the interaction between the electron spin and
nuclear spin of isolated Mn>" ions at the low doping level of
x = 0.01.>>*' However, the EPR spectra consisted of a singlet
structure for x = 0.1 and 0.3, and there was less splitting of the
sextet hyperfine lines compared to that of the isolated Mn**
ions due to the spin-relaxation processes in the exchange
coupling of Mn*" ions.’*>® This further demonstrated that
the red emission in the LZPO:xMn>" system originated from
the isolated Mn>* ions and Mn**-Mn”" dimers. With increasing
the Mn>*-doping level, the PL intensity of P2 became stronger,
while the PL intensity of P1 decreased. There are two possible
reasons to explain this phenomenon. One is the different site-
occupation preference at the different doping levels; whereby
the Mn** ions are likely to take up Zn-Zn sites rather than
isolated Zn sites at a high doping level due to the shorter
distance between Zn*" ions. The other is due to energy transfer
from P1 to P2.

The change of full widths at half maximum (FWHMs) as a
function of the doping level x is shown in Fig. 3g. At first, the
FWHM increased from 106 to 111 nm because of the increase
in the PL intensity for P2 emission, reaching its maximum
value at x = 0.1. Then the FWHM decreased to 103 nm at x = 0.5
because of the decrease in PL intensity of the narrower P1
emission at the high-energy site [MnOs], caused by the energy
transfer from [MnOs] to [Mn,Og]. In short, the relative PL
intensity of these two luminescence centers contribute to the
values of the FWHM. This was supported by the analysis of the
lifetimes. The lifetime of P1 decreased from 40.13 to 16.01, and
38.73 to 16.63 ms for P2 as the doping level increased (Fig. 3h
and i). The apparent difference in lifetime further provided
evidence that P1 and P2 came from different luminescence
centers. When x < 0.05, the lifetime of P1 was longer than that
of P2; however, the former became lesser than the latter at x >
0.1, which indicates that there was indeed an energy transfer
from P1 to P2.

According to the fitting results, the emissions P1 and P2
were both shifted to longer wavelength with the increase in
doping level. P1 was shifted from 628 to 654 nm, and P2 from

This journal is © The Royal Society of Chemistry 2023
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680 to 700 nm. To explore the red-shift mechanism of Mn**
emission, three aspects are considered: crystal field, exchange
coupling interaction in Mn-Mn dimers, and energy transfer.>*>
As listed in Table S3 (ESIT), the bond lengths of the nearest
neighboring oxygen to Zn were 1.9743, 1.9639, and 1.9142 A for
x =0, 0.01, and 0.2, respectively. With increasing the doping
level, the bond length of the nearest neighboring oxygen to Zn
tended to decrease. According to the equation:*®

Dy x # ©)
where Dy is the measurement of the crystal field strength, R is
the distance between the central ion and its ligands. The
increase in Mn>" doping at the smaller Zn>" site leads to a
stronger crystal field. As a result, the crystal will be subjected to
compression, and then the 3d energy levels of Mn>" ions will be
affected by their nearest neighboring oxygen, resulting in a red-
shift of Mn*" emission. From the local structure of LZPO, when the
Mn”* ions are doped into the lattice, Mn>" ions will replace Zn>*
ions to form Mn-Mn dimers due to the short distance between
Zn”* ions. The formed Mn-Mn dimers, through exchange coupling
interaction in the matrix lattice, will lead to overlapping wavefunc-
tions. The energy difference between the ground state and the first
excited state will become smaller, contributing to the emission red-
shift. Furthermore, energy transfer between P1 and P2 was verified
through the fitted PL spectra and decay curves, which also con-
tribute to the emission red-shift. That is, the emission red-shift
was due to a combined effect of the crystal field, exchange
coupling interaction in Mn-Mn dimers, and energy transfer.

3.3. PL thermal stability of LZPO:xMn>* phophors

The PL thermal stability is a crucial parameter to ensure the
efficient and stable operation of pc-WLED devices at high
temperature.”’ *® Temperature-dependent PL spectra of the
LZPO:xMn>" phosphors were obtained from 25 °C to 200 °C to
evaluate the PL thermal stability. With increasing the ambient
temperature, the enhanced thermal motion of molecules
strengthened the non-radiative transition, causing a decrease in
the PL intensity. Unexpectedly, the PL thermal quenching of the
LZP0:0.01Mn>" sample was not obvious in Fig. 4a. The other two
high doping levels for the LZP0:0.1Mn>* and LZPO:0.3Mn**
samples were tested to identify if they had excellent PL thermal
stability (Fig. 4b and c). Fig. 4d shows a direct-viewing of the
emission, including the change in the normalized PL intensity at
three doping concentrations with different temperatures. At a low
doping level for LZPO:0.01Mn>", the PL intensity was 97% at
150 °C and 94% at 200 °C of the initial intensity at 25 °C,
indicating its superior PL thermostable performance. The PL
intensity of LZP0O:0.1Mn>" was 94% at 150 °C and 84% at 200 °C
of the initial intensity at 25 °C. Even at a higher doping level for
LZPO:0.3Mn>", the PL intensity was 90% at 150 °C and 70% at
200 °C of the initial intensity at 25 °C. The different TQ behaviors
with increasing the doping level were caused by the different
luminescence centers of [MnOs] and [Mn,Og]. As for the lumines-
cence of isolated [MnOs], only the interactions between the host
lattice and activator would influence the PL thermal stability, but
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Fig. 4 (a)—(c) Temperature-dependent PL spectra of the LZPO:0.01Mn?*, LZPO:0.1Mn?*, and LZPO:0.3Mn?* samples. (d) Normalized PL intensity of the
x = 0.01-0.3 samples under 412 nm excitation as a function of temperature. (e) Normalized PL intensity of LZPO:0.01Mn?* with different Mn sources and

sintered conditions.

for the [Mn,Og] dimers, the additional interactions between two
Mn** should be considered.®* The distance between Mn**-Mn>*
will increase at high temperature, reducing the number of
[Mn,O;g] dimers.®* Consequently, the PL thermal stability of the
emission from the isolated Mn>" ions is better than that of the
[Mn,0g] dimers. The number of [Mn,Og] dimer will increase at a
higher doping level, resulting in a decrease in the PL thermal
stability at high temperature. Furthermore, the temperature-
dependent PL spectra of LZP0:0.01Mn>" phosphors with different
Mn sources and sintered conditions were measured. As shown in
Fig. 4e and Fig. S6 (ESIt), the as-prepared LZPO:0.01Mn>" phos-
phors exhibited remarkably lower luminescence quenching beha-
viors, indicating the different Mn sources and sintered conditions
had little effect on the PL thermal stability. The above results
suggest that the LZPO:Mn>" phosphor is a PL thermally-stable
candidate for pc-WLED devices.

To address the lower luminescence quenching behavior,
temperature-dependent XRD patterns of LZPO were further
measured and are displayed in Fig. 5a. The diffraction peak
of the (113) lattice plane shifted from 24.75° at 25 °C to 24.71° at
200 °C. The slight shift of the diffraction peak to the lower angle
indicates that the thermal expansion in this lattice was negli-
gible. The corresponding crystallographic parameters and rela-
tive values of the volume were almost constant with increasing
the temperature (Fig. 5b). The volume expanded by only 0.37%
from 1102.22 to 1106.316 A®, furtherly identifying the near ZTE
performance of LZPO, and indicating the structural stability of
LZPO against high temperature. This suggests it provides a

10690 | J. Mater. Chem. C, 2023, 11,10684-10693

stable coordination environment for Mn>" ions, thereby minimizing
the emission loss with increasing the temperature. Additionally,
thermoluminescence (TL) curves of the LZPO:0.1Mn>*" sample were
measured to assess the distribution of the trap levels (Fig. 5c). The
LZPO:0.1Mn*" phosphor presented two obvious TL glow bands in
the range from 303 to 573 K, peaking at 340.2 K and 501.4 K. The
corresponding trap depths were estimated to be 0.6804 and
1.0028 eV according to the Urbach formula: E; = E.,/500."
Moreover, the intensity of trap A was much stronger than that
of trap B, indicating that most trap levels were located in the
shallow region in the forbidden band. Thereby the traps-
assisted energy transfer to the luminescent center would com-
pensate for the luminous loss due to the non-radiative transi-
tion. A schematic diagram of the mechanism of the
luminescence process is shown in Fig. 5d. In this mechanism,
under 412 nm wavelength excitation, electrons at the °A;(°S) (for
[MnOs]) or ®A4(°S) °A4(°S) (for [Mn,Og] dimer) ground state are
promoted to the excited level [*A;(*G),"E(*G)], then move to the
first excited state “T;(*G) (for [MnOs]) or °A;(°S)*T;(*G) (for
[Mn,Og] dimer) through a non-radiative relaxation process.
Then the excited electrons come back to the ground state to
generate red and deep-red emission. There is an energy transfer
from [MnOs] to the [Mn,Og] dimer. Besides, some excited
electrons will be captured by traps formed in the process of
self-reduction. Stimulated by thermal activation, these will be
released back into conduction band (CB) and will arrive at the
first excited state *T;(*G) or °A;(°S)*Ty(*G) through a non-radiative
relaxation process to participate in the radiation transition. As a

This journal is © The Royal Society of Chemistry 2023
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result, the emission loss is compensated by the process of the traps-
assisted energy transfer. The stable coordination environment and
traps-assisted energy transfer demonstrate that the LZPO:Mn**
phosphor is a superior thermostable luminescent material, making
it a hopeful candidate for high-power lighting equipment.

3.4. Potential pc-WLED applications

A pc-WLED device was fabricated by mixing a moderate amount of
commercial blue phosphor [BaMgAl;0;,:Eu” (BAM:Eu*™)], green
phosphor [(Ba,Sr),SiOzEu”"], and the as-prepared LZPO:0.1Mn>*
phosphor with a commercial 365 nm UV chip. As shown in
Fig. 6a and b, the warm pc-WLED presented a low correlated color
temperature (CCT) = 5444 K, and high color rendering index (CRI) of
92.6, with the CIE color coordinate of (0.334, 0.360) under a voltage
of 3.3 V and current of 300 mA. The luminous efficiency of the pc-
WLED was 1.7 Im W under 3.2 V and 60 mA. These values of the
pc-WLED are relatively low, and so it would be meaningful to develop
new Mn-doped materials with high luminous efficiency in the future.
The emission intensity of the as-prepared pc-WLED device gradually
increased with increasing the current from 20-300 mA (Fig. 6¢). In
addition, changes in CIE coordinates for the pc-WLED device were
not obvious at different currents (Fig. 6d), indicating the excellent
color stability of the fabricated pc-WLED device.

4. Conclusion

In summatry, a series of red-emitting LZPO:xMn>" phosphors were
successfully synthesized by a high-temperature solid-state reaction
process in an ambient atmosphere. Two luminescence centers
[MnOs] and [Mn,Og] were identified, which resulted in a broad red
emission. Under 412 nm wavelength excitation, the emission peak
showed a red-shift from 636 to 672 nm with increasing the doping
levels of Mn** due to a combined effect of the strengthened crystal
field, exchange coupling interaction in Mn-Mn dimers, and energy
transfer. Interestingly, the LZPO:xMn>* phosphors exhibited excel-
lent PL thermal stability. The PL intensity was 97% for
LZP0:0.01Mn”* and 90% for the heavily doped LZPO:0.3Mn>" at
150 °C compared with their initial intensity at 25 °C, indicating
their superior PL thermostable performance. The superior PL
thermal stability supported by the structural stability of the near-
zero thermal expansion (NZTE) LZPO against high temperature
was also certified. Eventually, a pc-WLED device was fabricated to
highlight the great application potential (CCT = 5444 K, Ra = 92.6).
In light of the above results, the excellent PL thermostable
LZPO:Mn*" phosphor is considered a potential candidate for
applications in pc-WLED devices. This study not only provides
comprehensive evidence to discuss the relationship between the
optical properties and crystal structure, but enriches the choices to
develop novel functional optical materials by taking advantage of
near-zero thermal expansion matrices.
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