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Abstract: Thermal quenching (TQ) at elevated temperature is a major factor affecting the luminescent intensity and
efficiency of phosphors. Improving the thermal stability of phosphors and weakening the TQ effect are of significance for
the high-quality illumination of phosphor-converted WLEDs. Here, a novel red-emitting phosphor K,Zn (PO;),: Mn*
is synthesized by standard high temperature solid state reaction in ambient atmosphere, which is a new member of
self-reduction system. An effective synthesis strategy is proposed to optimize its photoluminescent performances.
Combined with X-ray photoelectron spectroscopy and X-ray absorption fine structure spectroscopy, oxygen vacancy
defects introduced by Mn doping are proved to play an important role in the transition of Mn**—Mn**. Thermolumines-
cence analysis reveals that the distribution of trap levels, especially the deep ones, is effectively regulated by the con-
trollable crystallization and significantly affect the thermal stability of phosphors. Then a defect-assisted model is pro-
posed to address the inner mechanism of the phenomenon. The carriers trapped by deep trap levels can be released
under the high-temperature stimulus, which return back to the luminescent centers and participate in the radiative re-
combination to improve thermal stability. This study provides a new crystallographic idea and theoretical support for

obtaining luminescent materials with high thermal stability.

Key words: photoluminescence; lattice defects; self-reduction; thermal stability
CLC number: 0482.31 Document code: A
DOI: 10.37188/CJL. 20240212 CSTR: 32170. 14. CJL. 20240212

gt AR AL —Fh AR U &R LT (o ey i B e

BN, & W, AFE', HEL, SRR, X AT,
LELR, FREE
(L WTFACE BB % B, 556 AR A T2 B ML 9005, 0 300071
2. o RSB A R SO LR AR, TR 100049)

FEE . IR AR K (TQ) R W D M & OS85 R OCROR I BN F . B 9O 10 SR Pk 0 44
PER A T #5214 56 LED B9 e B BRI B 0GR B 0 AR SCHREE 1 —Floli BLAL (4 956 B KoZn(PO5), s Mn™, 3%
AR LA o v L 1 AR R 25 0 B i B A R IR AR o TR 4R T — oA AE ORI DR RO PR RE . &S
A X G4t H T RE I A XS 2R W OHS A0 45 R 3E  TESE Mn™ 8 2% 51 A s DB E 7R A B T S B L Bl

Wrim B : 2024-00-18; 1&1T B3 : 2024-10-02
BEEWE: K ARPHEIEE(12274244) 5 555 A KA RHRIHN SR T (B23045)
Supported by National Natural Science Foundation of China(12274244) ; the China 111 Project(B23045)



286 K b/

¥R % 46 &

HEAE M BROE TR, TS S AR A RO IR TR BERE S A, T B T O PR E T .
AR SCAR R T — i e A 7 B R Ok gt Rk — BRI TE LB o R B B R 20 47 35 1) 2 U T v IR O R IR
| %5t e JF 2 5 AT A, 0 4R = 2Ok B IR E TR o BT N AT i B E PR SEOE A SR AL TR Y A A

2T AN SRR

X 8 W OLECOL; MIRBE; AR PEEE TR

1 Introduction

The fourth-generation solid-state lighting technol-
ogy based on the phosphor-concerted white light emit-
ting diodes (pc-WLEDs) is rapidly developing in in-
door and outdoor lighting, liquid crystal display back-
lights, information recording, and storage, etc. ™. At
present, the common method to manufacture proto-
types is coating phosphors onto LED chips, and gen-
erates a broad emission band covering the entire visi-

[4-6]

ble gamut by down-conversion™. Though function-
al, the drawbacks like low color rendering index
(R,) and high correlated color temperature (CCT)
are also quite obvious to restrict their extensive de-
79]

velopment'

WLED with high R, and low CCT should be expected

Accordingly, a high-performance pc-

to meet the particular illumination requirements, of
which the key relies on the performances of phos-

. The high-

phors, especially at high temperatures*"”

temperature photoluminescence behavior of blue- and
green-emitting phosphors is mostly satisfied, such as
BaMgAl,07: Eu™ and (Ba, Sr),Si0,: Eu”™", while
that of red-emitting phosphors remains a big challenge,
such as CaLaO (BO;);: Eu” and LiNa,BsP,0,,:
Eu™'*. Therefore, it is critical to develop the red lu-
minescence materials with excellent thermal stabili-
ty for improving the performance of pc-WLEDs.

Then extensive efforts have been made to opti-
mize the high-temperature performance of red-emitting
phosphors, such as nitrides St og_,( Cag ssBag, 45),SisNg:
Eug o, and CaAlSiN;: Eu™"™". Mn*-doped fluoride-
based materials have also attracted attention due to
their outstanding properties, like K,TiFg: Mn* and
Rb,CsSiF;: Mn*"**". Despite the good thermal sta-
bility, the preparation conditions of high temperature

and pressure are necessary for the aforementioned

hosts. In addition, part of the activator ions obtained

from reducing atmosphere are prone to be re-oxi-
dized at elevated-temperature running environment,
leading to chromaticity coordinate deviation. There-
fore, it is exciting to obtain the excellent phosphors
by mild synthesis condition and long-term stabilized
low-valence activators without reducing atmosphere,
namely killing two birds with one stone. So the self-
reduction system would be an ideal choice, such as
NaZn (PO3)5: Mn® and LiZnPO,: Mn™""*. Howev-
er, not all the self-reduction phosphors show good
thermal stability because of the unpredictable posi-
tion of defect levels. Then the position adjustment of
defect level is undoubtedly an effective way to im-
prove their thermal stability. Unlike the cationic
substitution methods, which have been proven to be
effective to regulate defect positions, from a crystallo-
graphic perspective, the crystallization process of
compounds can also greatly affect the position of de-

227 Based on that, changing the prepara-

fect levels
tion conditions of the samples will be a feasible strat-
egy to obtain the positive response of optical proper-
ties to defect control.

Here in this work, we come up with an effective
strategy of changing crystallization condition to im-
prove the thermal stability of a new red-emitting phos-
phor K,Zn(PO5),: Mn™, which is successfully synthe-
sized by high-temperature solid-state reaction method
in an ambient atmosphere. A self-reduction phenome-
non of Mn* to Mn™ ions is realized and attributed to
the existence of Vo. By adjusting the sintered time
(24 h), the deep trap levels are regulated to locate in
a suitable position in the forbidden band, which facili-
tates the improvement of thermal stability. The mech-
anism of improved thermal stability is studied and ex-
plained by a defect-assisted model in detail. This
study provides an effective crystallographic method

for regulating the position of defect levels.
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2 Experiment

2.1 Materials Synthesis

A series of phosphors K,Zn,_, (PO;),: aMn™
(x = 0.01-0. 15 mol, named as KZPOM, in the fol-
lowing text) were synthesized by the high-tempera-
ture solid-state reaction method in an ambient atmo-
sphere. Initial reactants were K,CO; (299% ), ZnO (>
99%), NH,H,PO, ( 299%), and MnO, ( 297.5%),
which were mixed homogeneously and ground thor-
oughly in an agate mortar for 30 min. After fully
grinding, the mixtures were respectively sintered in
air at 500 C for 17, 24, 36, 48 h.
2.2 Characterization

The phases of the obtained samples were identi-
fied by X-ray powder diffraction (Bruker-D8 AD-
VANCE, Bruker, Germany) with Cu Ka radiation at
a scanning time of 0. 10 s operating at 40 kV and 40
mA. Phases of the as-prepared phosphors samples
were identified by Inorganic Crystal Structure Data-
base (ICSD #166829). The XRD data for structural
refinements were collected over a 26 range from 10°
to 140° at intervals of 0. 02" with a counting time of
0.5 s per step using the software TOPAS. The
XAFS spectra were measured by means of the IW1B
beamline (Beijing Synchrotron Radiation Facility)
using transmission mode, and the energy was adjusted
via a Mn metal foil. The XAFS data were analyzed
via IFEFFIT/SIXPACK. Scanning electron microsco-
py (SEM, SU8020, HITACHI, Japan) and energy dis-
persive X-ray spectroscopy (EDS, EMAX, HORIBA)
were used to characterize the morphologies of the sam -
ples. The particle size of the powder samples was
measured on a laser particle size analyzer (Mastersiz-
er 2000, Malvin, England). The X-ray photoelectron
spectroscopy (XPS) measurements were performed
on the Axis Ultra DLD (Kratos Analytical Ltd. , Eng-
land ) and calibrated to a C 1Is electron peak at
284. 8 eV. Inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) was collected using an
Agilent ICPOES730 (America) with the power of 1.0
kW. The photoluminescence excitation (PLE) and
photoluminescence (PL) were measured using the

fluorescence spectrophotometer (FSP920, Edinburgh

Instruments, England) combined with a 150 W
xenon lamp. The decay curves were excited and de-
tected by a 100 W wF900 lamp and a R928P photo-
multiplier. Temperature-dependent PL spectra rang-
ing from 300 K to 500 K was measured by the fluo-
rescence spectrophotometer (FLS1000, Edinburgh
Instruments, England) with a TAP-02 temperature
controller device (Tianjin Orient Koji Co., Ltd,
TAP-02, China). The thermoluminescence (TL)
curves were measured at different hating rates from
1 C/s to 6 ‘C/s with a thermoluminescence meter
(FJ427A1, CNCS, China) and the weight of the mea-
sured powders was constant (0. 05 g). The TL mea-
surements were carried out immediately after the
samples were pre-irradiated for 5 min using a 365
nm UV lamp. The electron paramagnetic resonance
(EPR) spectrum was measured by the EPR spec-
trometer (A300-10/12°, Bruker, Germany).

3 Results and Discussion

3.1 Structure Characterization

The phosphate compound K,Zn (POs), (named
as KZPO) crystallizes in a monoclinic system with
space group of Cc (No. 9), and has the lattice parame-
ters of @ = 1. 109 41 nm, b = 1. 252 15 nm, ¢ = 0. 765
97 nm, V = 1. 038 94 nm’. Fig. 1(a) displays the crys-
tal structure of KZPO along with the c-axis direction. Zn
atoms have one crystallographic site and are six-coordi-
nated with O atoms to form a distorted ZnOg octahedra.
Besides, PO, tetrahedra are connected with each other
by sharing the corner to present chains in an orderly zig-
zag manner. Then, a three-dimensional network frame
is built up of those polyhedra through sharing common
O vertex, where K atoms with two kinds of eight-coordi-
nated sites fill in the spaces enclosed by the polyhedra
to balance charge. The structural characteristics demon-
strate that KZPO is an ideal matrix to dope transition-
metal ions. When Mn ions are doped into KZPO, the
XRD patterns of the as-prepared samples are identified
and presented in Fig. 1(b). It can be found that all dif-
fraction peaks are in good accordance with that reported
in Inorganic Crystal Structure Database (ICSD #
166829 ), indicating that the dopants have a greatly tiny

influence on the main crystalline phase.
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(a) Crystal structure of K,Zn(PO3),. (b)XRD patterns of the K,Zn,_ (PO3)4:xMn* (x = 0-0.15). (¢)Rietveld refinement

result of K,Zngg, (PO3)4:0.09Mn*". The small black circles and the red continuous lines represent the experimental and

the calculated values respectively; the blue trace indicates the difference between the experimental and the calculated in-

tensity values; the green vertical bars depict the position of Bragg peaks. (d) SEM image and EDS spectrum of K,Zng -

(PO;),:0.09Mn*. The inset table lists the atomic and weight percents of all the elements

According to the ionic radius and charge number
(CN =6, r(Zn™) = 0.074 nm, r (Mn;s*) = 0. 067
nm, r (Mngs™ ) = 0.083 nm, r(Mn* ) = 0. 053 nm;
CN =8,7(K") =0.151 nm, r(Mn™) = 0. 096 nm), it
is preliminarily considered that Mn ions inclined to oc-
cupy the Zn™ sites. To further confirm the occupancy
preference and local crystal environment of the doping

ions, rietveld refinement is performed by using the

structure of KZPO as the initial model with the Topas
program™. As seen in Fig. 1(c) and Tab. S1-2, the
substitution of Mn ions to Zn sites is proved by the re-
liable agreement converged factors (R, = 10. 10%,
R,, = 13.48%, R.,, = 4.89%) and theoretically-
matched occupancy ratio (8.94%). In addition, the

volume of unit cell of KZPOM, oo is increased to

1.045 20 (7) nm’ and bigger than that of the host
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(1.038 94 nm’), which supports the occupancy pref-
erence of high spin-sate Mn® ions. To sum up, a se-
ries of Mn-doped samples all crystallize and do not af-
fect the phase in the regarded concentration range.
SEM surface morphology and elemental mapping
images of KZPOM, ware tested and exhibited in
Fig. 1(d). The bulk particle shows smooth surface and
quasi-spherical profile, reflecting the high degree of
crystallinity. As seen from EDS spectrum, K, Zn, P, O,
and Mn are detected and homogeneously distributed
within the selected area. In the inset of the figure, the

experimental atomic and weight percents of all elements
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are close to their own theoretical values, signifying the
successful integration of Mn ions into the host. Besides,
Fig. S1 (a)-(c¢) and Fig. S1 (d) = (f) also provide the
measured results of KZPOM, ( and KZPOM, sfor a
comparison. It is found that the large average particle
size of 139.864 pwm for KZPOM, ¢ corresponds to a
high specific surface area, which could be beneficial to
the luminescence performance of materials™
3.2 Photoluminescence Properties of KZPOM,
The PLE spectrum monitored at 633 nm of
KZPOM,_ ois depicted in Fig. 2(a). The excitation

spectrum contains a ligand-metal charge transfer
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Fig.2 (a)PLE and PL spectra of K,Zngyo, (PO5),: 0.09Mn™, the inset shows the photograph of KZPOM,, taken by a 365 nm
UV-lamp. (b)PL spectra of K,Zn,_,(PO3),:xMn> (x = 0.01-0.15) , the inset shows the relationship between emission in-
tensity and Mn®* concentration. (¢)Mn K-edge XANES spectra of KZPOMg 4, MnO, and MnO,. (d) The Fourier trans-

forms of Mn K-edge EXAFS spectra and the fitting result of the first neighbor Mn—O0 coordination of KZPOM,y, the

inset table is the calculated structural parameters of Mn—O0 shell. (e) The high-resolution XPS spectrum of O 1s for

KZPOM, o (Air). (f)The defect-assisted mechanism diagram of the self-reduction process from Mn** to Mn®" ions
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band (LMCT, A., = 315 nm) from 3d’ orbit of Mn*
to 2p° orbit of O*", and several sharp peaks at 339,
355, 365 nm, as well as 404 nm can be attributed to
the characteristic d-d electron transitions of Mn®

B3 Under the excitation of 355 nm, a broad-

ions
band red emission centered at 633 nm is observed,
which originates from the ‘T, (*G) —°A, (°S) transi-
tion when Mn® ions are located in the six-coordinat-
ed crystal field circumstance. In the inset of the fig-
ure, the emission profile and peak wavelength are in-
dependent of the variation of excitation wavelength,
indicating that there is one luminescent center in the
lattice. As shown in Fig. 2 (b), along with the in-
creasing concentration of Mn* ions, the emission in-
tensity increases gradually until reaching a maxi-
mum at x = 0. 09 mol, and then decreases because of
concentration quenching™™. Fig. S2 displays the
CIE chromaticity coordinates diagram of KZPOM,
(0.01 < x <0.15). It can be found that the chro-
maticity coordinates of the samples are much closer
to that of standard red-light source (x = 0. 67, y =
0. 33) with the increase of doping content, signify a
high color purity emission under the excitation of
355 nm. The lifetime decay curves of KZPOM,
(0.01 < x <0.13, A, = 355 nm, A,, = 633 nm)
are measured and exhibited in Fig. S3. All the de-
cay curves can be well fitted by a single-exponen-
tial function: I(t) = Iyexp(—t/z), where I(¢) and I,
refer to the luminescent intensity at time ¢ and 0, re-
spectively. 7 is the lifetime of the activator ions™.
It further proves the conclusion of one luminescent
center. In addition, the fitted values gradually de-
crease from 40. 873 9 ms to 39. 134 2 ms with the
increasing doping concentrations, which is correlat-
ed with the exchange-type interaction between Mn®*
ions"™,

To further confirm the valence and local crystal
environment of doped Mn ions in the lattice, the
K-edge
(XANES) of KZPOM, oo is adopted and shown in

X-ray absorption near edge structure
Fig. 2(c). The edge and pre-edge absorption peak
of Mn are different from those of raw material
MnO, and consistent with the low-energy peaks (E =

6 503.399 eV) of MnO, which means that Mn ions

. . . . . 3
exist in a form of bivalence in the lattice™

. As pre-
sented in Fig. 2(d) , the fitted average coordinated
number obtained from extended X-ray absorption
fine structure (EXAFS) spectrum and Fourier trans-
forms is approximated to 5. 6 (close to 6 of Zn), veri-
fying the substitution of Mn® ions to Zn™ sites

B The slightly reduced coordination number

again
indicates the possibility of oxygen vacancy defects
(V,), which is further confirmed in the following ex-
periments. Based on the results mentioned above, it
is concluded that a self-reduction process from Mn*
to Mn™ ions is realized in the ambient atmosphere
for the targeted samples.

According to previous studies, the self-reduc-
tion phenomenon is correlated with lattice defects,
which would offer extra electrons to adjacent acti-
vators to turn them into the low-valence™ . To
determine the defect type, ICP-OES is performed
and the results are listed in Tab. S3. The experi-
mental weight percent of O is 38.86% in KZ-
POMy. oo and lower than the theoretical value

(41.10%).

formed in the lattice along with the introduction of

It is illustrated that V, would be

Mn ions. Then, high-resolution XPS spectrum of
O 1s is further detected and shown in Fig. 2(e) ,
of which the curve can be deconvoluted into two
peaks. In addition to the peak belongs to lattice
oxygen (531.485 eV), another one with higher
binding energy (533.223 eV) should be related to
V2" In terms of that, a structural schematic
model of defect-assisted valence-transfer process
of Mn ions is expressed in Fig. 2(f) . When Mn"
ions are doped into the lattice, they will occupy
the Zn™ sites to form the positively-charged point
defects Mnyz,". Subsequently, the adjacent V, can
provide two unpaired electrons for Mny,” to turn
them into the neutral defects (Mny,*) and thereby
maintain systematic electroneutrality, as shown in
the equations in Fig. 2(f).
3.3 Thermal Stability Optimization

The defects generated during the self-reduc-
tion process often form trap levels in the forbidden

band and influence on the thermal stability. In gen-

eral, only the deep ones are conductive to the
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39 . .
B Thus, it is es-

improvement of thermal stability
sential to construct the trap levels with a suitable
depth by defect control for realizing the excellent
high-temperature optical performances. Here, a se-
ries of samples sintered for different time (17, 24,
36, 48 h) were prepared and the temperature-de-
pendent PL spectra are measured. As depicted in
Fig. 3(a)-(d), it can be found that the luminescent
intensities of those phosphors decrease with the in-
creasing temperature. Among them, the sample
(24 h) exhibits the optimal thermal stability, and
the peak and integrated intensities at 425 K are
84.4% and 94. 2% of the initial value at room tem-
perature, respectively. Other results for the sam-
ples (17, 36, 48 h) are listed in Tab. S4 at the
same time. The activation energy (E,) can be cal-
culated by the Arrhenius equation: Iy = [y/[1+exp
(=EJkT)], where I, refers to the intensity at certain
temperature T, [, is the initial intensity, and k is

1401

Boltzmann constant The values are estimated to

be 0.228 ¢V (17 h), 0.157 eV (24 h), 0. 152 eV
(36 h), and 0. 154 eV (48 h), respectively. Moreover,

(a)

KZPOM, ,-17 h

——350K

5 375K
S —400K
=

2 425K
§ ——450 K

(e)

400 450 500
TIK

Intensity/a. u.

550 600 650 700 750 800
A/nm

an emission blue-shift from 643 nm to 625 nm with
increasing temperatures is observed to appear in all
the samples, which is caused by thermally-activat-
ed phonon-assisted tunneling effect from the excit-
ed states of low-energy emission-band to that of

" To further discover

high-energy emission-band
the effect of oxygen vacancy defects on the thermal
stability, a comparison experiment under reducing
atmosphere was performed. As shown in Fig. S5, it
is interesting to find an anti-thermal quenching phe-
nomenon for the sample sintered in an atmosphere
of 10% H,+90% Ar. Then an electron paramagnet-
ic resonance (EPR) spectrum was used to compare
the content of V, in the samples. The results are
shown in Fig. S11. Obviously, the sample sintered
in reducing atmosphere possesses a higher reso-
nance signal than that of the sample in ambient at-
mosphere, which means a higher V, concentration.
It is easy to understand that the samples prepared
in a reducing atmosphere have a higher concentra-
tion of V,, and that is why they show a better high-

temperature performance.

(b)

Intensity/a. u.

(d) PO 48
350 K 4
P75 =
3 v 50 400 450 500
=
i

550 600 650 700 750 800
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Fig.3 (a)-(d)Temperature-dependent PL spectra of KZPOM, o with 17, 24, 36, 48 h of sintering time, respectively. The in-

set shows the dependence of emission spectra on temperature
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To further explore the relationship between
lattice defects and optical properties, the thermolu-
minescence is utilized and the spectra are dis-
played in Fig. 4(a)-(d) and Fig. S6-8. Similarly,
the curves are all deconvoluted into three Gaussian
peaks at different heating rates (1, 2, 4, 5 °C/s),
corresponding to different defect positions. Given
that, it is indicated that the trap levels exist at spe-
cific region of forbidden band in a form of thermal-

ly-averaged distribution. From the foregoing, the

TQ behavior of phosphors is mainly related to the
Then, the third band peaked at

deep trap levels™.

the highest temperature is selected for the further
analysis. The depth of trap level can be generally
estimated by virtue of Hoogenstraaten formula:

E kln (B/T,2)/1/(T,), where k represents the

Boltzmann constant, B is the heating rate, and T,
means the corresponding temperature of the TL
peak™. As seen from Fig. 4(e) and Fig. S9, the val-
ues are 0.926 eV (17 h), 1.874 (24 h), 1. 546 eV
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50

(b)

o 1k @ 2°C/s
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(a)-(d)The TL curves of KyZngg;(PO;),: 0.09Mn™ sintered for 24 h with different ramping rate of 1 ‘C/s, 2 ‘C/s, 4 ‘C/s,

and 5 ‘C/s, respectively. (e)The TL curves of K,Zngo,(PO5),:0.09Mn** tested at different heating rate when the sintering

time is 24 h, the inset shows the Hoogenstraaten plot. (f) The defect-assisted schematic diagram of photoluminescence

process
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(36 h), and 1.275 eV (48 h), respectively. The
deepest trap levels (E = 1.874 eV) result in the
optimal thermal stability of the sample sintered for
24 h, which embodies the positive response of de-
fect control on luminescent properties and agrees
with the conclusions from Fig. 3.

In general, the deeper the trap levels, the more
difficult it is for the carriers to escape. Only with the
help of external stimulus can the trapped carriers
have a possibility to re-participate in the lumines-
cence process, like high temperature. This is why
the Mn*-activated red-emitting phosphors exhibit ex-
cellent thermal stability. Accordingly, a schematic
diagram of defect-assisted mechanism is proposed in
Fig. 4 (f). When irradiated by UV light of 355 nm,
part of the pumped electrons will be captured by the
trap levels, especially the deep ones. Under the
stimulus of thermal activation, most of them are re-
leased back to the conduction band minimum
(CBM) again, and then non-radiative relaxed to the
lowest excited state ‘T, of Mn® ions to re-participate
in the radiative transition. The transport process is
capable of compensating for the energy loss caused
by the non-radiative transition at high tempera-
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tures[ :

So the deep traps make a significant con-
tribution to enhancing thermal stability, because the
carriers are difficult to escape from traps under tiny
thermal disturbances at room temperature and only
release at high temperatures. The defect control
method that changes the crystallization conditions

can be applied to other materials to fulfill the re-

quirements of improving optical performance.
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