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Effect of Annealing Temperature on the Structure and Luminescence
Properties of LiBaPO,: Eu* Phosphors
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Abstract: The LiBaPO,: Eu** phosphors were prepared by the sol-gel method, and the structure and luminescence
properties of the phosphors were characterized by thermogravimetric-differential thermal analysis (TG-DTA), Fouri-
er transformation infrared (IR) spectrum, X-ray diffraction (XRD), transmission electron microscope (TEM), and fluo-
rescence spectrum. TG-DTA results showed that the LiBaPO, phase can be formed upon 700 °C. IR spectra con-
firmed the existence of PO,” ions. XRD results showed that temperature change can cause different degrees of cleav-
age of the diffraction peaks. Eu™ doping concentration can affect the crystal phase of the sample, and the samples
with a lower doping concentration appeared impurity, as the doping concentration increased, the sample was a pure
phase of hexagonal crystals LiBaPO,. TEM showed that the material particles agglomerated to a certain extent with
the increase in concentration. The fluorescence measurement results showed that LiBaPO,: Eu™ had different opti-
mal excitation wavelengths at different annealing temperatures and its dominant energy level transition is due to the
differences in the crystal structure and coordination environment of the activator at different temperatures, and the
concentration quenching caused by Eu™ also varied. CIE calculation results showed that the color purity of the sam-
ple gradually improved with the increase of annealing temperature. LiBaPO,: Eu®* can be effectively excited by 394

nm long-wave ultraviolet light, indicating its potential application in the field of white light-emitting diodes.
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0 Introduction

White light-emitting diodes (WLEDs) are currently
one of the most efficient light sources in solid - state
lighting applications. At present, there are three main
ways to realize wLEDs. One is a white light emission
composed of blue and yellow light by coating YAG
phosphors on the blue LED chip, when the correlated
color temperature of the device decreases, its total effi-
ciency will decrease rapidly; And the lack of red light
and its poor color rendering make it unsuitable for solid
- state lighting; Secondly, red, green, and blue LED
chips are mixed in a certain proportion to produce
white light; Finally, the LED ultraviolet light chip is
coated the trichromatic phosphor. All of those show
that red phosphor plays an important role in achieving
white LED. Among the various trivalent rare - earth
ions, Eu* is the preferred source of red light due to its
simple energy level structure for probing the local
environment of Eu’* ions, and Eu* doping in crystal
hosts is widely studied for potentially efficient red light-
emitting materials due to its large transitions from °D,
excitation level to 'F, (J=0, 1, 2, 3, 4) energy level in
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the 4f° configuration in the red region”, such as

NaYGeO,:Eu”, Ba,BSi,0,.: Eu™, LaSrALO,: Eu”, etc.

The great interest in phosphors has led to the rap-
id development of various displays and other related
lighting technologies. For general lighting applications,
such as UV light-emitting diodes, photoluminescence
(PL) bodies, including silicate, aluminate, aluminosili-
cate, nitride, and borate, all play a vital role as sub-
strates'®”. Among the subjects of these studies, phos-
phate as the main material has attracted attention due
to its ability to provide many crystal field environments
imposed at the emission center. ABPO, phosphates
with a more rigid crystal structure, good thermal stabili-
ty, and high quantum conversion rate at high tempera-
tures are also a good matrix for fluorescent materials"”
and one of the most promising phosphor materials for
lamps, cathode ray tubes (CRT), and plasma display
panels (PDP)™". Among them, the LiBaPO, host pro-
vides good applicability in luminescence and other

fields.

LiBaPO, -based phosphors have been reported in
previous studies, such as LiBaPO,: Eu’ phosphors pre-
pared by the high-temperature solid - phase method"?.
However, The emission spectra showed multi - peak
characteristics, and the annealing temperature has not
been analyzed; the LiBaPO,: Eu** phosphor was pre-
pared by an improved high - temperature solid - phase
method"”, where only the concentration was explored
and its X-ray diffraction (XRD) pattern showed unex-
plained miscellaneous peaks; The preparation process
of the LiBaPO,: Eu’ phosphor prepared by citrate sol
method"! was complicated and the concentration was
explored and its optimal doping concentration (molar
ratio) was 1%, etc. Previous studies have not investigat-
ed the effect of annealing temperature on the emission
intensity of LiBaPO,: Eu®* phosphors prepared by sol -
gel method. Herein, a single - doped Eu® phosphor
based on LiBaPO, was prepared by the sol-gel method,
and the structure and luminescence properties of the
materials at different annealing temperatures and dop-

ing concentrations were studied in detail.
1 Experimental

1.1 Reagents and instruments

Diammonium hydrogen phosphate ((NH,),HPO,,
AR, 99.0%) was purchased from Tianjin Shengao
Chemical Reagent Co., Ltd., which was dissolved in
distilled water to formulate a 2.00 mol-L™" (NH,),HPO,.
Eu,0;, (AR, 99.999%) was purchased from Baotou
Research Institute of Rare Earths, which were dis-
solved in HNO, solution to formulate a 0.10 mol-L™
Eu(NO,); solution. Ba(NO;), (AR, 99.0%) and Li,CO,
(AR, 99.0%) were purchased from Tianjin Tianda
Chemical Experiment Factory and Shanghai Aladdin
Biochemical Technology Co., Ltd., respectively. Li,CO,
was dissolved in HNO, solution to formulate a 1.00
mol - L' LiNO, solution. Ba(NO,), was dissolved in dis-
tilled water to formulate a 0.20 mol:L™" Ba(NO,), solu-
tion. The citric acid (C{Hg0,, AR, 99.5%) was pur-
chased from Beijing Chemical Works.

The heating rate of thermogravimetric-differential
thermal analysis (TG -DTA) by using French Setaram

Labsys Evo synchronous thermal analyzer was 10 C -
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min~'. The Fourier transformation infrared (IR) spec-
trum was detected by the KBr compression method
using infrared spectrometer Nicolet 6700 with the scan-
ning 32 times. The phase purity and crystal structure of
the samples were confirmed by XRD analysis in the
range 20°-80° using Japan Ultima VI XRD diffractome-
ter type with a Cu Ka radiation of wavelength 0.154 06
nm (U=40 kV, I=40 mA). The PL spectra were recorded
using Japan Model fluorescence spectrometer F-4500,
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with a scanning speed of 1 200 nm-min™" and a slit

width of 2.5 nm.
1.2 Synthesis

LiBaPO,: Eu® phosphors were synthesized by the
sol - gel method. Firstly, LiNO,; (5.00 mL), Ba(NO,),
(25.00 mL), and amount of Eu(NO,); (The molar frac-
tions related to LiBaPO, were 1%, 3%, 5%, 7%, 9%,
11%, 13%) were added to a clean beaker, and the solu-
tion was thoroughly stirred. Then citric acid with a
molar ratio of 1:1 to rare - earth ions was added and
stirred for 30 min. Secondly, (NH,),HPO, solution (2.00
mol-L.”") was added and the solution was heated and
kept at 80 °C and stirred for 30 min. Thirdly, the
obtained solution was placed in a drying oven at 100 °C
for 12 h to obtain a gel with a porous structure. Finally,
the dried gel was annealed at different temperatures for

2 h to obtain the final samples.
2 Results and discussion

2.1 TG-DTA

Fig.1 shows the TG-DTA curves of the precursors
of LiBaPO, under gradient annealing. The weight loss
and endothermic phenomena in TG and DTA curves
before 150 °C are related to the loss of crystal water;
The exothermic peak in the DTA curve at 175.39 C is
attributed to the decomposition of nitrate; The exother-
mic peak at 510.20 °C is due to the residual organic
compounds and the combustion reaction between
nitrate compounds and citric acid™. Although the
material underwent exothermic reaction above 600 °C,
its weight loss curve tends to be stable, which is consid-
ered to be the formation of the final LiBaPO, phase.
Above 700 °C, the structure of the material tended to
be stable and did not change. Therefore, the prepara-

o R R KEEST LiBaPO, : Eu™ S NGH 0 45 #4 B & A RE R i 2277
5 4.0
Weight loss
0 11.813% 135
s Weight loss 43.0
= 175.39 °C 42.056% &
0T z
£ 15t =
20+
_25 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800
Temperature / °C

Fig.1 TG-DTA curves of LiBaPO, under gradient
annealing

tion temperature of the material is above 700 °C.
2.2 IR spectrum

Fig.2 shows the IR spectrum of LiBaPO,: 13%FEu™
in the range of 1 600 to 500 cm™. The absorption band
around 1 386-1 400 cm™ is caused by the stretching of
the P=0 along the phosphate chain and the asymmet-
ric stretching of PO,'. The band at 1 035 cm™ is
caused by PO, symmetric stretching vibration'”. The
vibration band at 584 c¢cm™ is attributed to P—O—P

asymmetric stretching®.
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Fig.2 IR spectrum of LiBaPO,: 13%Eu’™

2.3 XRD analysis

Fig. 3 shows the XRD patterns of LiBaPO, and
LiBaPO,: Eu®. All of the XRD patterns are consistent
with the standard card (PDF No. 14-0270). The XRD
pattern of LiBaPO, annealed at 900 “C shows that
LiBaPO, belongs to hexagonal crystals, the space group
is P6,, the lattice constants a=b=0.904 6 nm, ¢=1.256 6
nm, V=0.391 577 nm’, Z=4.
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Fig.3 XRD patterns of the LiBaPO, and LiBaPO,: Eu**
phosphors

The XRD patterns of LiBaPO,:7%Eu after anneal-
ing at 700, 800, and 900 °C for 2 h are also basically
consistent with the standard card (PDF No. 14-0270),
but the Ba,P,0,; impurity phase appeared at 15°, and
the change of annealing temperature also caused differ-
ent degrees of splitting of LiBaPO, crystal. The weakest
degree of splitting was observed when the annealing
temperature was 800 °C.

It was found that with the increase of Eu™ doping
concentration, the impurity phase of Ba,P,0,, disap-
peared at 15°, and the temperature of different degrees
of splitting of LiBaPO, changed. When the annealing
temperature was 900 °C, the splitting degree was the
weakest and tended to the pure phase, so 900 C was
selected as the best annealing temperature of the sam-
ples. The possible reason is that with the increase of
annealing temperature and Eu’ doping concentration,
the number of luminescence centers increases, and the
molecules or ion groups in the crystal rotate freely, to
obtain higher symmetry and make the crystal structure
more complete; Or when Eu® replaces Ba®™ , lattice
defects are created and more luminescent centers are
generated",

2.4 TEM images of LiBaPO,: Eu*

The TEM images of LiBaPO,: Eu® are shown in
Fig.4. Tt can be seen that LiBaPO,: 7%FEu* was com-
posed of a circular particle with a particle size of about
200 nm (Fig.4a). Fig.4b shows a representative TEM
image of LiBaPO,: 13%Eu’ and it was composed of

easily clumped particles with irregular morphology and

partially agglomerated int circular particles (Fig. 4c),
which may be the reason for the splitting of the XRD
peak. The agglomeration of the particles can enhance
the electron -hole recombination rate and the lumines-

cence performance of the phosphors™?'.

Fig.4 TEM images of LiBaPO,:7%Eu’ (a) and
LiBaPO,: 13%Eu* (b, ¢)

2.5 Luminescence properties of LiBaPO,: Eu*
Fig.5 shows the excitation and emission spectra of
LiBaPO,: 7%Eu’* phosphors at different annealing tem-
peratures. As shown in Fig.5a, the excitation spectrum
was composed of broadband of 200-300 nm and some
spikes, where the strongest peak in 200-300 nm broad-
band was located at 255 nm and belongs to the 0> -
Eu* charge transfer band from the ligand to the metal,
while the spikes in 300-500 nm correspond to the f-f
transition of Eu® ions, which corresponds to 'F,-’H,
(318 nm), 'F,-’D, (362 nm), "F,-’L, (382 nm), "F,-L,
(394 nm), 'F-’D, (416 nm), and "F-’D, (465 nm) transi-

22 Tt is found that the excitation

tions, respectively
spectra of the samples annealed at 800 and 900 °C
were quite different. The optimum excitation wave-
length of the sample annealed at 800 “C was 255 nm,
and the monitoring wavelength used in the test was 593
nm, while the optimum excitation wavelength of 900 C
annealed samples was 394 nm, and the monitoring
wavelength was 615 nm.

As shown in Fig. 5b, the emission spectra were
composed of peaks in the range of 570-700 nm, which
is related to the transition of Eu™ from °D, to 'F, (J=0,
1, 2, 3, and 4) energy levels, attributed to °D, — 'F,
(578 nm), °D, — "F, (593 nm), °D, — 'F, (615 nm),
D, — 'F, (652 nm), and °D, — 'F, (688 nm)"™’". The
emission spectra of the samples annealed at 800 °C

with 255 or 394 nm as excitation energy showed that
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the strongest emission peak appeared at 593 nm, corre-
sponding to the D, — "F| transition, while the peak at
615 nm corresponding to the *Dy—'F, transition was
weak, indicating that Eu®* occupies the center of inver-
sion symmetry and hardly changes with the crystal
field strength. The emission spectra of the samples
annealed at 900 °C with 394 nm as the best excitation
energy showed that the intensity difference between the
emission peak at 593 nm corresponding to the ’D, —
’F, transition and the emission peak at 615 nm corre-
sponding to the *D, — 'F, transition was small and the
intensity of the emission peak at 615 nm was slightly
stronger, indicating that Eu™" is located in the asymmet-
ric central lattice, and the odd-order term of the crystal
field can mix the opposite parity state into the 4f° con-
figuration energy level. At this time, the electric dipole
transition is no longer strictly prohibited, Eu®* is main-
ly emitted by *D, — ’F, forced electric dipole transi-
tion, and the whole material is red light emission™.
Combined with the XRD patterns, it is speculated that
the existence of the Ba,P;O,, phase may be one of the
reasons for the energy redistribution of Eu’* between
°D, -'F, and °D, -'F, transitions™. These changes
showed that the monitored wavelengths varied with
annealing temperature and their dominant energy level
transitions, which may be related to the crystal struc-
ture and coordination environment of the activator at
different temperatures™.

Generally, the intensity of the charge transfer
band was higher than the f-f transition of Eu’*, but the
LiBaPO,: Eu™ phosphors annealed at 900 °C have
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Fig.5 Excitation (a) and emission (b) spectra of

LiBaPO,: 7%Eu** annealed at 800 and 900 °C

observed an experimental phenomenon different from
that of 800 °C, that is, the intensity of the f-f transition
was stronger than the charge transfer band, which may
be related to the fact that the energy of Eu—0 electron
cloud migration is not enough to effectively reach the

luminous center of Eu* ™"

. In the excitation spectrum,
the sample annealed at 900 °C shows a small excitation
band near 255 nm. The analysis shows that the substi-
tution of Eu’* for Ba® into the matrix lattice is unequiv-
alent, and interstitial oxygen or vacancy may be gener-
ated in the crystal during annealing at 900 “C. This
makes it difficult for the 2p electrons of 0> adjacent to
Eu™ to migrate to the 4f level of Eu™, resulting in the
decrease of charge transition efficiency between 0> —
Eu*!. At the same time, the exciting 2p electron of
O enters the 4f orbital of Eu™, and the energy differ-
ence between the 2p valence band of O°" and the 4f or-
bital of Eu** determines the position of the charge trans-
fer state (CTS). Although the bonding between Eu™ and
ligand O* is independent of the 4f orbital, the bonding
orbital (2p) and anti-bonding orbital (5d) are formed by
the interaction between the 5d orbital of Eu® and the
2p orbital of 0. The longer the Eu*—0> bond, the
smaller the energy difference between the 2p valence
band of O* and the 4f orbital of Eu**. Since the average
bond length of Ba—0 is greater than that of Li—O0, the
energy difference between the orbital of Eu™ and the
2p electron of O” is small. Therefore, the CTS energy
of Eu™ occupying the Ba™ lattice is low"™.

Fig. 6 shows the relationship between emission
intensity and the Eu** doping concentration of LiBaPO,.
During annealing at 800 °C, with the gradual increase
of Eu’ concentration, the emission intensity of the
sample increased first and then decreased. With the
increase of Eu™ concentration, the intensity of the
emission peak reached the maximum when the concen-
tration of Eu’ was 7%. The existence of too many lumi-
nescent centers of Eu’ makes the distance between
Eu* shorter, and the probability of collision between
ions in the excited state increases, so part of the ions in
the excited state will lose excitation energy and return
to the ground state. So that the phosphor luminous

intensity gradually weakened. When the annealing tem-
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Fig.6 Relationship between emission intensity and the
Eu** doping amount of LiBaPO,: Eu™
perature was 900 °C and the doping concentration
reached 13%, the emission peak intensity still showed
an upward trend, and the optimal doping concentration
was not determined.

Fig. 7 shows the relationship between emission
intensity and annealing temperature of the sample. It is
determined that the optimal annealing temperature was
900 C, and only at this annealing temperature, the
emission spectrum was dominated by the *D, — 7F,
energy level transition, indicating that the annealing
temperature is too high or too low, which is not suitable
for the preparation of red phosphors.

1400

1200 -
1000
800

600

Intensity / a.u

400

200

700 750 800 850 900 950 1000
Temperature / C

Fig.7 Relationship between emission intensity and

annealing temperature of LiBaPO,: 13%FEu*

The difference with the experimental results™ is
that the optimum doping concentration of the sample
synthesized by the high-temperature solid-state method
was 5%; Puppalwar et al."” used the improved high -
temperature solid-state method, and the optimum dop-

ing concentration of the sample was 3%; Game et al.!""

quenching effect of rare-earth ions. Compared with the
Eu™ luminescence properties of other material systems,
orange or red phosphors can be prepared at different
annealing temperatures. The result is consistent with
the XRD result. The sample annealed at 900 °C was a
pure phase of LiBaPO, with good luminescence. The
spectral characteristics of the material show that
LiBaPO,: Eu™ can be effectively excited by 394 nm
long - wave ultraviolet light, indicating its potential
application value in the field of wLEDs.

The critical distance (R,) corresponding to the crit-
ical quenching concentration is defined as the average
shortest distance between the nearest Eu* ions where
energy transfer occurs. If the distance between adja-
cent Eu™ ions is less than 0.5 nm, the energy transfer
is mainly realized by exchange interaction, and when
the distance is greater than 0.5 nm, the multi - pole
interaction is dominant. The critical distance of energy
transfer is estimated by the following formula:

R~2[3V/(4mwX N)|"”

Where X, is the critical concentration, N is the number
of cations in the unit cell, and V is the volume of the
unit cell. According to the crystal structure of the sam-
ple, the V and N values were obtained by consulting
relevant information, and the X, values were obtained
by analyzing the experimental data (V=0.391 577 nm’,
Z=4, and X =0.07 (800 C)/X.=0.13 (900 °C), respec-
tively). The critical distance of LiBaPO,: Eu™ was cal-
culated to be about 1.387 7 nm/1.128 9 nm, which is
greater than 0.5 nm. Therefore, the multipole interac-
tion of the samples annealed at 800 or 900 °C is respon-
sible for the concentration quenching.

Fig. 8 shows the simplified energy level diagram
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and the proposed relaxation mechanism of Eu® in
LiBaPO,: Eu™ under excitation at 394 nm. PL emission
is due to the transition of electrons between energy lev-
els, involving the excitation of electrons from the
ground state to the excitation level °L, of Eu™ after
absorbing an excited photon, and then non - radiative
relaxation to the lower ’D, energy level of Eu’* ions.
The rapid non-radiative (NR) multi-phonon relaxation
from the excited state to the *D, energy level is followed
by the radiative emission corresponding to the °D, —
F, (J=0, 1, 2, 3, 4) transition of Eu’. Taking 394 nm
excitation as an example, under the excitation of this
wavelength, the electron undergoes a 'F,-’L transition,
and then transfers to the lower energy level of °D,
through non-radiative transition, resulting in character-
istic emission at 593 and 615 nm (°D, — 'F,,). The
excitation mechanism of other wavelengths is the same.
When the annealing temperature was 800 °C, Eu™
occupies the center of inversion symmetry and the
°D, — 'F, transition is strong; When annealed at
900 °C, Eu® is in the central lattice of non-inversion
symmetry, and Eu® is mainly emitted by ’D, — F,

electric dipole transition.

3.25%10% SH,
3.0x10* -
D,
i,
2.5%10* |- < °L
- — D
\. Non-radiative 3
\. D
's 2.0x10* |- \ 2
3 D,
2 ,
£ isxiof E|E[E|E E B
= ol || o v
—[o||an|=|©
enfenfenfenf <t <t
1.0x10* - E| E| E| | E
ol m|n|alo
=l =|n|®
n|n|ofo|o
5.0x10° [ 6
L
004+ ——— — )
Excitation lines Emission lines

Pumping line

Fig.8 Simplified energy level image of Eu™
2.6 CIE coordinate of LiBaPO,: Eu*

Fig.9 is the CIE coordinate diagram of LiBaPO,:
T%Eu’ (800 °C) and LiBaPO,: 13%Eu™ (900 °C) phos-
phors calculated by 1931CIE. The coordinate value of
LiBaPO,: 7%FEu™ at 800 °C was (0.457 0, 0.484 4); At
900 °C, the coordinate value of LiBaPO,: 13%Eu’" was
(0.576 0, 0.354 6), which are all located in the red -

00 01 02 03 04 05 06 07 038
b

Fig.9 CIE coordinate diagram of the LiBaPO,: Eu®

phosphors
light region.
3 Conclusions

The LiBaPO,: Eu phosphors were prepared by the
sol-gel method. The results of the TGA showed that the
LiBaPO, phase could be formed after 700 °C . The
absorption peaks obtained in the IR spectra confirmed
the existence of PO, and symmetrical and asymmetri-
cal tensile vibrations among P—O0 in the samples. The
XRD results showed that the temperature variations
caused the split in varying degrees of diffraction peaks.
The doping concentration of Eu™ will affect the struc-
ture, and the sample with a small doping concentration
appeared heterophase. With the increase of concentra-
tion, the sample showed a pure phase. The experimen-
tal results show that when the annealing temperature
was 800 °C, the charge transfer band was the monitor-
ing wavelength, and the emission spectrum was domi-
nated by the D, — 'F|, indicating that Eu®* occupies
the center of inversion symmetry. When the annealing
temperature was 900 °C, the f-f transition was the moni-
toring wavelength, and the ’D, — 'F, emission of Eu®
in LiBaPO, was dominated, indicating that Eu* is in an
asymmetric central lattice. With the change of monitor-
ing wavelength, the dominant energy level transition
was different, and the concentration quenching caused
by Eu’ also changed. CIE calculation showed that the
color purity of the sample became better with the

increase in annealing temperature and concentration.
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