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Non-rare earth doped oxides with red emission are one of the current research hotspots for achieving the
warm white light range in the phosphor converted white light emitting diodes (pc-WLEDs) field. In the cur-
rent work, a novel Mn**-activated La,CaHfOg red phosphor is reported for the first time and its crystal
structure is analyzed by Rietveld refinement. The photoluminescent properties of La,CaHfOg:Mn** are in-
vestigated in detail with the help of diffuse refletance spectroscopy, photoluminescence spectroscopy, and
temperature-dependent PL spectroscopy. Based on the diffuse refletance spectra, the calculated optical
band gap for La,CaHfOg is 4.9 eV, indicating that La,CaHfOg could be a suitable host for activators' doping.
Under 380 nm near-ultraviolet (n-UV) light excitation, the as-prepared La,CaHfOg:Mn** displays intense
red emission centered at 693 nm. Through an accurate calculation of Dg/B (2.47) and nephelauxetic effect
1 (0.949), the origination of strong crystal field (CF) and deep-red emission is demonstrated. By combining
the representative La,CaHfOg:0.002Mn**, blue BAM:Eu?*, and green (Ba,Sr),SiO4:Eu?* phosphors with a
380 nm UV chip to fabricate the pc-WLEDs device, a white light is obtained with low correlated color tem-
perature (CCT = 5165 K) and high color rendering index (Ra = 87.8), demonstrating that the as-prepared
La,CaHfOg:Mn** phosphors can be used as red-emitting candidate in pc-WLEDs lighting.
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1. Introduction is harmful to human eyes in long term indoor
illumination.”” In order to solve the above problems, a red-

Phosphor-converted white light-emitting diodes (pc-WLEDs)
have being considered as the most promising solid state light-
ing sources due to their high luminous efficiency, low energy
costs, and excellent stability."® The commercial pc-WLEDs
are a combination of blue LED chip (InGaN) and the famous
yellow phosphor (YAG:Ce**).* However, some technical weak-
nesses appears in their practical application due to the lack
of a red-emitting component, which usually generates high
correlated color temperature (CCT) and low color rendering
index (CRI) for the white light.>® Therefore, this combination
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emitting phosphor is urgently needed.

Previously, commercial red luminescence materials used
were composed of rare-earth ions Ce** and Eu®" doped ni-
trides such as M,SisNg:Ce®* (M = Ca, Sr, Ba),"° CaAlSiN;:
Eu”","" and Ca,Si;Ng:Eu**,'> which display superior thermal
stability and high quantum yield (QY > 90%). Nevertheless,
the harsh synthetic conditions (high temperature > 2000 K
and high pressure > 1 MPa) and expensive cost make it diffi-
cult to achieve their large-scale indoor lighting applications.
Recently, Mn**-doped red-emitting phosphors have attracted
much attention in the improvement of the lighting quality of
pc-WLEDs, in which Mn*" ions usually occupy the octahedral
coordination environment and exhibit narrow-band emis-
sion.”®'* A range of A,MFs:Mn*" (A = alkali metal ion, M = Si,
Ge, Ti) fluoride phosphors have been considered as promising
candidates for pc-WLEDs and display lighting.">™” They pos-
sess broad excitation band ranging from n-UV to blue region,
which matches well with the n-UV or blue LED chip. Due to
intense and narrow red emission, A,MFs:Mn** fluoride phos-
phors generally have high QY. For instance, the QY of K,TiFs:
Mn*" is up to 98%, which is the highest value compared to
previously reported red phosphors.'® However, the use of cor-
rosive and toxic hydrofluoric acid during the preparation and
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poor moisture resistance are constraints in its practical
application.

Due to their superior chemical stability and eco-friendly
preparation procedure, Mn**-doped oxides such as CaAl;,04:
Mn*",* Sr,Al140,5:Mn*"*° and CaMg,Al;60,:Mn*" (ref. 21)
have attracted more and more attention. They show promis-
ing capabilities as the excellent red components in pc-
WLEDs. Because they possess two types octahedral sites (B
and B’ sites), some double perovskite structures (A,BB'Og) are
appropriate hosts for Mn**-doping.**** Previously, a series of
Mn**-doped double perovskite structured phosphors have
been reported, for example, Ba,GANbOg:Mn**** Gd,ZnTiOg:
Mn*"*® Li,MgZrO;Mn*">®* NaMgGdTeOg:Mn"",*” Sr,LaNbOg:
Mn***® Sr,ZnMoOgMn*",?° and Sr,ZnWOs-Mn*".?° However,
the luminescent properties of the prepared phosphors are
not satisfactory, and further optimization and improvement
as well as the exploration of new double perovskite structures
for Mn**-doping is needed.

In this work, we have reported for the first time a novel
red-emitting double perovskite structured La,CaHfOs:Mn**
phosphor, prepared via a transitional high-temperature solid
state reaction. The crystal structure has been analyzed
through the Rietveld refinement method. The luminescence
properties including photoluminescence, temperature-
dependence luminescence, and fluorescence lifetimes of the
as-prepared phosphors have been investigated in detail. The
luminous mechanism has been explained by the Tanabe-
Sugano energy-level diagram of Mn**. Finally, the electrolu-
minescence (EL) performance of the fabricated pc-WLEDs de-
vice by combining La,CaHfOzMn**, BAM:Eu®**, and (Ba,
S1),Si0,:Eu>" phosphors with a 380 nm n-UV chip has been
discussed, demonstrating that the as-prepared La,CaHfOg:
Mn*" phosphor could be considered as a red-emitting candi-
date in pc-WLEDs lighting.

2. Experimental
2.1 Synthesis

The La,CaHf; ,Og:xMn*" (0.0005 < x < 0.01) (abbreviated as
LCH:xMn"*") was prepared by high-temperature solid state
method in air. The original materials La,03;, CaCOj;, HfO,,
and MnCO; with a purity of 99.99% were weighed in the
designed stoichiometric molar ratio. After grinding for 30
min in an agate mortar, the mixture was put into alumina
crucibles and sintered in a tube furnace at 1500 °C for 10 h.
Finally, all the samples were successfully prepared by grind-
ing again after cooling to room temperature naturally.

2.2 Device fabrication

The pc-WLEDs devices were fabricated by combining the mix-
ture of commercially available blue BAM:Eu”*, green (Ba,
S1),Si0,:Eu®’, and representative LCH:0.002Mn"* phosphors
with 380 nm InGaN chips. Then, the proper amounts of the
mixture were added into epoxy resins and mixed thoroughly
for 20 min. The acquired mixture was coated on the surface
of the 380 nm InGaN chips and dried at 120 °C to produce

3606 | CrysttngComm, 2019, 21, 3605-3612

CrysttngComm

the pc-WLEDs. All measurements were carried out at 20 mA
driven current.

2.3 Characterization

The X-ray diffraction (XRD) data for determining the phase
purity and crystal structure of the as-prepared samples were
obtained by using a D8 Focus diffractometer at a scanning
rate of 1° min™" in the 26 range from 10° to 120° with Ni-
filtered Cu Ko (4 = 1.540598 A). The Rietveld profile refine-
ments of the structural models and texture analysis were
done using the General Structure Analysis System (GSAS) soft-
ware. The morphologies, energy-dispersive X-ray spectra
(EDS), and elemental mapping of the samples were obtained
using a field emission scanning electron microscope (FE-
SEM, S-4800, Hitachi). The diffuse reflectance spectra (DRS)
were recorded on a UV-visible diffuse reflectance spectropho-
tometer UV-2550PC (Shimadzu Corporation, Japan). The
photoluminescence excitation (PLE) and emission (PL) spec-
tra were obtained on a fluorescence spectrometer (Fluoro-
max-4P, Horiba Jobin Yvon, New Jersey, U.S.A.) equipped with
a 150 W xenon lamp as the excitation source, and both the
excitation and emission spectra were obtained with the width
of the monochromator slits adjusted to 1.0 nm. The lifetimes
of the as-prepared samples were determined by a Lecroy
Wave Runner 6100 Digital Osilloscope (1 GHz) using a tun-
able laser (pulse width = 4 ns; gate = 50 ns) as the excitation
source (Contimuum Sunlite OPO). The thermal stabilities of
the luminescence properties were studied on a Fluoromax-4P
spectrometer using a combined setup consisting of a Xe
lamp, a Hamamatsu MPCD-7000 multichannel photodetec-
tor, and a computer-controlled heater (TAP-02). Commission
Internationale de I'Eclairage chromaticity color coordinates,
color rendering index (CRI), and corresponding color temper-
atures (CCT) of the WLEDs devices were measured by using
an integrating sphere with an analyzer system (tarspec
SSP6612).
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Fig. 1 (a) XRD patterns of LCH:xMn** (0.0005 < x < 0.01) samples
and calculated standard data of LCH. (b) Rietveld refinement XRD data
of the representative LCH:0.002Mn** sample with the measured data
(red circle), fitted data (black line), difference (grey line), and Bragg
position (olive vertical bar).
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3. Results and discussion

3.1 Phase purity and crystal structure identification

A novel Mn**-doped La,CaHfOg (abbreviated as LCH) double
perovskite phosphor was successfully synthesized by a high-
temperature solid state reaction. As given in Fig. 1a, the XRD
patterns of LCH:xMn*" could be well indexed to the calcu-
lated La,CaHfOg peaks, according to previous reports.>*
There is no evident impurity phase, indicating the formation
of a pure phase for the LCH:xMn** samples and the success-
ful doping of Mn*" ions into the LCH host. In order to deter-
mine the structural features of LCH:xMn*", the powder XRD
data of the representative LCH:0.002Mn"*" were collected at
room temperature with 26 range from 10° to 120° for Rietveld
refinement analysis. The experimental (red circle) and calcu-
lated (black line) XRD profiles together with their difference
(grey line) for LCH:0.002Mn"*" are exhibited in Fig. 1b. The re-
finement is well-convergent due to the low R-factors R, =
5.77% and Ry}, = 4.43%, which demonstrates that stable and
pure samples were obtained. The final refinement results
and main parameters of processing are presented in Table 1.
On the basis of the refinement results, LCH:xMn** belongs to
the monoclinic (P2,/n) group and the main lattice parameters
of the representative sample LCH:0.002Mn"*" are a = 5.77510
A, b = 5.98686 A, ¢ = 8.30488 A, and V = 287.138 A®. LCH:
xMn*"  presents a typical double perovskite
(A,BB'Og), where A sites, B sites, and B’ sites are occupied by
La atoms, Ca atoms, and Hf atoms, respectively. The main
bond lengths in the LCH:0.002Mn"*" sample are summarized
in Table 2. Moreover, a schematic crystal structure of LCH:
xMn*" is shown in Fig. 2. There is only one type of La, Ca,
and Hf site. The [CaO4] octahedron is involved in vertex-
sharing with the [HfO¢] octahedron and the La atoms located
at the lattice spacing form the [LaO,] polyhedron that is in-
volved in vertex-sharing with [CaO4] or [HfO¢] octahedron. In
the LCH:xMn"* system, there are three cationic sites for Mn**
occupation. However, considering the charge valence (+4)
and similar ionic radius of La*" (r = 1.1 A, CN = 7), Ca** (r=1
A, CN = 6), Hf*" (r = 0.71 A, CN = 6), and Mn** (r = 0.53 A, CN
= 6),”® the Hf*" site is considered as the most suitable cat-

structure

ionic site for Mn*" ions.

Table 1 Main crystallographic parameters in the processing and refine-
ment of the LCH:0.002Mn** sample structure

Compound La,CaHfOg:0.002Mn*"
Sp.Gr. P2,/n

a, A 5.77510 (6)
b, A 5.98686 (6)
¢, A 8.30488 (8)
B, ° 90.1564 (6)
v, A® 287.138 (5)
z 2

Rypy % 5.77

Ry, % 4.43

Rexpy % 4.52

x> 1.28

R, % 1.74

This journal is © The Royal Society of Chemistry 2019
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Table 2 Main bond lengths (A) in the LCH:0.002Mn** sample
Bond Length (A) Bond Length (A)
La-O1" 2.930 (16) Ca-01' 2.345 (15)
La-01" 2.288 (16) Ca-02 2.353 (15)
La-01™ 2.849 (15) Ca-03" 2.388 (14)
La-02 2.485 (12) Hf-01' 2.094 (14)
La-02" 2.391 (12) Hf-02" 2.039 (15)
La-03" 2.731 (15) Hf-03' 1.986 (15)
La-03" 2.471 (15) — —

Symmetry codes: (i) x, y, z - 1; (ii) —x + 1, -y + 1, -z + 1; (iii) x + 1/2,
-y +1/2,2-1/2; (iv) —x + 1/2, y + 1/2, 2 + 1/2; (V) x + 1/2, -y + 3/2, 2 =
1/2; (vi) x,y -1,z - 1.

To further confirm the successful incorporation of Mn**
ions into LCH, SEM images and corresponding elemental
maps of La, Ca, Hf, O, and Mn in LCH:0.002Mn"*" were
obtained and are exhibited in Fig. 3. On the basis of the SEM
image, it can be observed that the as-prepared sample is
composed of irregular particles of about 5-10 pm diameter.
Meanwhile, La, Ca Hf, O, and Mn elements are uniformly dis-
tributed throughout the whole viewing area. This result indi-
cates that Mn*" ions are successfully doped into LCH.

3.2 Luminescent properties’ analysis

In order to investigate the optical properties of LCH:Mn**
phosphors, the direct band gap (Fig. 4a) of the LCH host was
calculated by the following formula:**~’

[FR)W]” = A(hv - Eg), F(R) = (1 - R)*/2R (1)

where A stands for the absorption constant, E, represents the
optical band gap, Av is the photon energy, F(R) is the absorp-
tion coefficient, and R is the reflectance coefficient (%). The
calculated value of the direct band gap was 4.9 eV, indicating
that LCH is a suitable host for Mn**-doping. The UV-vis dif-
(DRS)

fuse reflectance spectra with  different Mn**

Fig. 2 A schematic crystal structure of LCH, possessing one kind of
[LaOy], [CaOgl, and [HfOg] polyhedra.
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Fig. 3 (a) SEM image of LCH:0.02Mn**. (b)-(f) Corresponding
elemental maps for La, Ca, Hf, O, and Mn elements in LCH:0.02Mn**.

concentrations (0.0005 < x < 0.01) are displayed in Fig. 4b.
The DR spectra of all the samples consist of two distinct ab-
sorption bands. The main one is located in the region of 300
nm-480 nm, attributed to charge transfer (CT) transitions of
Mn*"-0*" and electron transitions from “A,, ground state to
4T1g and 2T2g excited states. The other one ranges from 480
nm to 600 nm, resulting from the transition from 4AZg
ground state to “T,, excited state. Fig. 4c displays the photo-
luminescence excitation (PLE) spectra of LCH:xMn*" (0.0005
< x < 0.01) monitored at 693 nm. All the spectra have two
obvious excitation bands, which are in good agreement with
the DRS results. The major one ranges from 280 nm to 480
nm with the maximum value at 380 nm, and the weak one
ranges from 480 nm to 600 nm, with its maximum centred at
525 nm. The two dominant excitation bands match well with
the n-UV and blue LED chip, which implies that the as-
prepared samples could be used as potential red-emitting
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Fig. 4 (a) The relationship of [F(R)hv]? vs. photon energy hv in the LCH
host. (b) Diffuse reflectance spectra corresponding to different Mn**
concentrations (x) in LCH:xMn** (0.0005 < x < 0.007). (c) PLE spectra
of LCH:xMn** (0.0005 < x < 0.01), monitored at 693 nm. (d) The
Gaussian fitting of the PLE spectra of the LCH:0.002Mn** sample.
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phosphors.  The representative @~ PLE spectrum  of
LCH:0.002Mn"** was analyzed by Gaussian fitting, which is
presented in Fig. 4d. There are four Gaussian fitting peaks
centred at 337 nm, 384 nm, 432 nm, and 531 nm, which are
attributed to the Mn*'-O® charge-transfer band and transi-
tions from the 4A2g ground state to the 4T1g, 2T2g, and 4T2g ex-
cited states of Mn*", respectively.

Fig. 5a shows the photoluminescence emission (PL) spec-
tra of LCH:xMn*" (0.0005 < x < 0.01) under 380 nm UV exci-
tation. The red emission is assigned to the transitions from
the ’E, excited state to the “A,, ground state. It is clearly seen
that no evident change occurs in the peak shape and position
at different Mn*"-doping concentrations (x). The inset in
Fig. 5a gives the digital images of the as-prepared
LCH:0.002Mn"" sample under daylight and 365 nm n-UV
light, providing a visible evidence of the bright red emission
from LCH:xMn*". Moreover, the CIE chromaticity coordinates
diagram of the representative LCH:0.002Mn"" is displayed in
Fig. 5b, where a deep-red-emission with CIE chromaticity co-
ordinates of (0.721, 0.280) was obtained. Meanwhile, the PL
intensity increases gradually with Mn*" concentration (x) un-
til it reaches a maximum at x = 0.002, then it decreases on
further increasing the Mn*" concentration (x) (Fig. 5¢) due to
a concentration quenching effect. Generally, with the in-
crease in the Mn*" concentration (x), the adjacent Mn*" ions
become closer, which increases the possibility of energy
transfer among the nearest Mn"" ions. Hence, the distance
between adjacent Mn*" ions will determine the concentration

at x =0.0005
——x=0.001
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x=0.003 Daylight i
S [——x=0.005 2
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Fig. 5 (a) PL spectra of LCH:xMn** (0.0005 < x < 0.01), the insets
are luminescence photographs LCH:0.002Mn** in daylight (up) and in
365 nm n-UV light (down) illumination, respectively. (b) The CIE chro-
maticity coordinates diagram for LCH:0.002Mn**. (c) The integrated
intensity of LCH:xMn** (0.0005 < x < 0.01) as a function of Mn**
concentration (x). (d) The dependence of In(l//x) on In(x) for LCH:
xMn** (0.0005 < x < 0.01). (e) The corresponding PL decay curves
of LCH:xMn** (0.0005 < x < 0.01) monitored at 693 nm n excitation
at 380 nm.
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quenching. The critical distance (R.) can be calculated by the
following formula:**>°

z =2[W}3 ®)

¢ 4mx, N

where V represents the cell volume, x. stands for the critical
concentration of Mn**, and N is the number of dopant sites
available per unit cell. In LCH:xMn*', V = 287.138 A%, x, =
0.002, and N = 2. The calculated R, value is 25.78 A, which is
much larger than 5 A. Therefore, electric multipolar interac-
tion is responsible for the quenching mechanism in Mn*'-
doped LCH phosphor. Furthermore, the type of electric mul-
tipolar interaction can be obtained from the following eqn:*°

P -1
I:K{1+ﬂ(x)3} (3)
x

where I is the PL intensity of LCH:xMn"*', x represents the
concentrations of Mn*", K and f are constants at the same ex-
citation conditions and host lattice. 6 = 6, 8, and 10 represent
the dipole-dipole, dipole-quadrupole, and quadrupole-quad-
rupole interactions, respectively. Fig. 5d shows the relation-
ship between In(x) and In(Z/x). It can be well-fitted by straight
line with a slope of -1.21 (-6/3). The calculated value of 0 is
3.62, which is close to 6. This means that the dipole-dipole
interaction dominates the concentration quenching mecha-
nism in LCH:xMn*".

The luminescence decay curves of LCH:xMn*" are
displayed in Fig. 5e (EM = 693 nm, EX = 380 nm). All of the
decay curves match well with the single exponential fitting
model with the following formula:

1=ty 2 (1)

N A — Ay,
2
DgiB

Fig. 6 Tanabe-Sugano energy-level diagram for Mn** (d®) electron
configuration in the octahedral site of the LCH host.
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where I, and Iy represent the luminescence intensities of
Mn** at ¢, and ¢; 7 stands for luminescence decay lifetimes
for the corresponding samples. For the Mn*" concentrations
(x) of 0.0005, 0.001, 0. 002, 0.003, 0.005, 0.007, and 0.01, the
calculated values of decay lifetime for LCH:xMn** are 0.536,
0.533, 0.422, 0.402, 0.382, 0.365, and 0.358 ms, respectively.
It can be seen that the lifetime of the samples declines
steadily, which is attributed to the enhancement of non-
radiative energy migration among the adjacent Mn"" ions
with increasing Mn*" concentration (x).

Generally, in the octahedral site, the luminescence mecha-
nism of Mn** can be analyzed by the Tanabe-Sugano energy
level diagram (Fig. 6). When the electrons at ‘A, ground
state are excited, they are pumped to the Ty, *Ty,, and Ty,
excited states. Thereafter, the excited electrons relax to the
lowest excited state “E, by non-radiative transition process.
Eventually, these electrons return to the ground state from
*Asg, which results in far-red light centered at 693 nm. Owing
to the special 3d® electron configuration, the Mn*" energy
level transition is easily influenced by the crystal field (CF)
environment. The CF strength (Dq) can be roughly repre-
sented with the energy difference of A,y — “T,, by the follow-
ing formula:>®

Dq = E(*Ayg — Ty,)/10 (5)

In addition, the Racah parameter B can be calculated from
the following eqn:>®

Dq _ 15(5-8) ”
B (5°-100)
The value of J can be calculated as follows:*’
EZ[E(‘*Azg—HTIg)—E(‘*AZg —'T,)] )

Dq

Moreover, the Racah parameter C can be acquired from
the following eqn:*°

E(zEg_)AAzg):3.05C+79_1.8B ®

B B Dq

According to the abovementioned PLE and PL spectra, the
peak energies of *Ayy — *Tyg, *Ayy — *Thy, and *E, — *A,, for
LCH:0.002Mn*" are 26052 cm ™, 23148 cm!, and 14437
cm™, respectively. The value of Dq, B, and C can be calcu-
lated from the formulas (5)-(8), which are 1887 cm™, 765
em™, and 2935 cm™, respectively. The calculated energy
level, Dq, and Racah parameter values for LCH:Mn"*" are
given in Table 3. The Dq/B value of LCH:0.002Mn"" is greater
than 2 (2.47), indicating that LCH:xMn"" exists in a strong
CF. However, the parity-forbidden ’E, — “A,, transition is
barely influenced by the CF strength and greatly affected by
the nephelauxetic effect, which is highly dependent on the

CrysttngComm, 2019, 21, 3605-3612 | 3609
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Table 3 The calculated energy levels, Dg, and Racah parameter values
for Mn**

Wavenumber (cm ™)

Az = "Tag 26052
4 4

Aoy — Mg 23148
Eg — "Agg 14437

Dq 1887

B 765

c 2935

covalence of the Mn"" ions and the ligand. Brik et al
reported that the nephelauxetic effect can be described by
nephelauxetic ratio (f,) with the following formula:**~**

©

where B, and C, are the Racah parameters for free ions of
Mn**, (B, = 1160 em ™" and C, = 4303 cm™'). The calculated
value of 8, is 0.9488. In a previous report,*’ the peak energy
and peak position of ’E; — *A,, for Mn*" could be calculated
as EEy — “Ayg) = —880.49 + 16261.928; + ¢ (0 = 332 cm ),
which was obtained for a large amount of Mn*"-activated
crystals that are listed in a figure and fitted by a linear rela-
tionship, and the ¢ stands for root-mean square (rms) devia-
tion of the data points from the fitting line. In this case, the
calculated ’E, energy level is 14217-14881 cm ' and the ex-
perimental energy value for the *E; — *A,, transition of Mn**
in the LCH:xMn"*" host was 14437 cm™". The above result is
in accordance with the linear line and thus, it is reliable.

3.3 Thermal stability properties

As the working temperature of pc-WLEDs can reach 150 °C,
thermal stability is one of the most important properties for
defining the lighting quality of phosphors.***” The
temperature-dependent PL spectrum of LCH:0.002Mn*" was
obtained in the temperature range from room temperature
(25 °C) to 200 °C, with an interval of 25 °C. As illustrated in

atoo ‘O\ b| & & Experimental
) —— Fitting line
_075F \O 2
5 AN —
8 ] 0416 ||\,
T0.50 Ne S\
S N = .-
£ [ . =L 1
= i e\e /
0251 |
I Ea=0.235eV
1 = 4A2g Q
0.00 L 1 1 ! | | e
50 1 150 200 24 28 32 36
T(°C) 1/KT (V")

Fig. 7 (a) The integral intensity of LCH:0.002Mn** as a function of
temperature (T, °C). (b) Arrhenius fitting of the integrated intensity in
LCH:0.002Mn**, the inset is the schematic configuration coordinate
diagram for Mn**.
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Fig. 7a, the temperature-dependent PL intensity of
LCH:0.002Mn"* gradually decreases with increasing tempera-
ture. At 150 °C, the integrated intensity is only 0.416 times of
that at 25 °C. This indicates that great thermal quenching oc-
curs during the increase in temperature for LCH:xMn*',
which results from magnified population at higher vibration
levels or the probability of non-radiative transfer. To better
understand the process of thermal quenching, the activation
energy (Ea) was calculated by the Arrhenius equation:

Py e (10)
1+ Aexp(—Ea/kT)

where Iy and I, represent the integrated PL intensity at the
testing temperature and room temperature, respectively, 4 is
a constant for a certain host, and k represents the Boltzmann
constant (8.629 x 10> eV). Fig. 7b displays the relationship of
In[(Zo/Ir) ] versus 1/kT and the calculated value of Ea is 0.235
eV. Thermal quenching can be explained by the configuration
coordinate diagram (inset of Fig. 7b). At room temperature,
when the electrons of the ground state ‘A, are excited upon
n-UV or blue chips, they jump to the excited states “Tyg, *Ts,
and *T,g, respectively, and then relax to the ’E, level via non-
radiative transition. Thereafter, the electrons return to the
Ay, ground state through the path 0 — 1 — 2 with red emis-
sion. As the temperature increases, thermal excitation results
in the electrons jumping to the crossover point between ’E,
and “A,, thereby leading to non-radiative transition to the
ground state through the path 0 — 1 — 3 — 2, which is re-
sponsible for thermal quenching. Although a serious thermal
quenching was observed in LCH:xMn*" based on the current
experimental results, the thermal stability of LCH:xMn"*
could be further improved by process optimization.

100F
| CCT=5165K
80l Ra =87.8
—~ | (0.343, 0.389)
35
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>
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£
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0
400 500 600 700 800
A (nm)

Fig. 8 Electroluminescence spectrum of the pc-WLEDs device fabri-
cated by combination of commercial blue BAM:Eu?* phosphor, green
(Ba,Sr),Si04:Eu* phosphor, and the representative red LCH:0.002Mn**
phosphor, and driven by n-UV LED chip (4 = 380 nm). The inset is the
digital photograph of the obtained pc-WLEDs device.
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3.4 Electroluminescence performance of the fabricated pc-
WLEDs device

To demonstrate the possibility of practical application of
the as-prepared phosphor, we fabricated the pc-WLEDs de-
vice by combining n-UV LED chip (4 = 380 nm) and the
mixture of commercial blue BAM:Eu®" phosphor, green (Ba,
Sr)ZSiOA‘:Eu2+ phosphor, and the representative red
LCH:0.002Mn"** phosphor. The performance of the fabri-
cated pc-WLEDs and the digital photograph are shown in
Fig. 8. Under a voltage of 3.15 V and current of 20 mA, the
obtained pc-WLEDs device exhibits white emission with low
corresponding color temperature (CCT = 5165 K) and high
CIR (R, = 87.8). The CIE coordinates are located at (0.343,
0.389). These results indicate that the as-prepared
LCH:0.002Mn"*" double-perovskite phosphor could be an ex-
cellent candidate as a red-emitting component for applica-
tion in warm pc-WLEDs.

4. Conclusion

In summary, a novel red-emitting LCH:Mn"*" phosphor was
successfully prepared by high-temperature solid state reac-
tion. On the basis of the Rietveld refinement results, the dou-
ble perovskite structured LCH:xMn*' crystallizes in the
monoclinic phase (P2,/n) and the Hf*" ions are the most suit-
able site for Mn**-doping. When monitored at 693 nm, it pre-
sents a broad-band PLE spectrum from 275 nm to 600 nm,
which matches well with the n-UV and blue LED chip. It im-
plies that the as-prepared samples could be a potential red-
emitting phosphor for use in pc-WLEDs. Under 380 nm or
525 nm excitation, a narrow deep-red emission located at 693
nm is obtained, which is attributed to the *Eq — *A,, transi-
tions of Mn*". The optimized Mn**-doping concentration (x)
in the LCH host is 0.2 atom% of Hf*". The concentration
quenching is attributed to the dipole-dipole interaction.
Moreover, the luminescence mechanism of LCH:xMn*" has
been analyzed in detail by the Tanabe-Sugano energy level di-
agram. The calculated value of Dq/B is 2.47, indicating that
Mn** is surrounded by a strong CF. Meanwhile, the calcu-
lated ’E, energy level is 14217-14881 cm ™' for LCH:xMn™",
which is in good agreement with our experimental result (14
437 em™). This indicates that the result is reliable. At 150 °C,
the integral intensity of LCH:0.002Mn"" is only 0.416 times of
that at 25 °C, originating from thermal quenching, which
needs to be further improved by process optimization. The
pc-WLEDs device is fabricated with 380 nm InGaN chip and
the mixture of commercial blue BAM:Eu>* phosphor, green
(Ba,Sr),Si04:Eu®" phosphor, and the LCH:0.002Mn*" phos-
phor. The low CCT = 5165 K and high CRI (R, = 87.8) mean
that LCH:xMn"* can be an excellent red-emitting phosphor
for application in pc-WLEDs.
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