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ABSTRACT: Topological chemical reaction methods are indispensable for fabricating
new materials or optimizing their functional properties, which is particularly important for
two-dimensional (2D)-layered compounds with versatile structures. Herein, we
demonstrate a low-temperature (~350 °C) ion exchange approach to prefabricate
metastable phosphors ALa,_,Ta,0,:4Bi** (A = K and Na) with RbLa,_,Ta,0,:xBi*"
serving as precursors. The as-prepared ALaysTa,0,:0.02 Bi** (A = Rb, K, and Na) share
the same Dion—Jacobson type 2D-layered perovskite phase, and photoluminescence
analyses show that ALaysTa,0,:0.02 Bi** (A = Rb, K, and Na) phosphors exhibit broad
emission bands peaking at 540, 550, and 510 nm, respectively, which are attributed to the
nonradiative transition of Bi’* from excited state *P; or *P, to ground state 'S,. The
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various Bi’* local environments at the crystallographic sites enable the different

distributions of emission and excitation spectra, and the photoluminescence tuning of ALaye3T2,0,:0.02 Bi** (A = Rb, K,
and Na) phosphors are realized through alkali metal ion exchange. Notably, the combination of superior trivalent bismuth
emission and low-temperature ion exchange synthesis leads to a novel yellow-emitting K(LagosBig0,)T2,0; phosphor which is
successfully applied in a white LED device based on a commercially available 365 nm LED chip. Our realizable cases of this low-
temperature ion exchange strategy could promote exploration into metastable phosphors with intriguing properties.

KEYWORDS: 2D-layered perovskite, ion exchange, photoluminescence tuning, Bi** emission, white light LEDs

B INTRODUCTION

The Dion—Jacobson (DJ) type two-dimensional (2D)-layered
perovskite compounds have become a subject of intense
research in recent years.'~* The DJ type perovskite has the
general formula A[A’, B,0;,,,] which consists of negatively
charged perovskite-like layers, and a monovalent cation A
occupying the interlayer space for compensation of the
negative charge, and in the general formula n represents the
thickness of the perovskite-like layers."> 2D-layered perov-
skites with diverse structures have shown promising results for
applications such as stable solar cells, photodetectors, light
emitting diodes, and so on.’"® As is well-known, topological
chemical reactions such as ion exchange and intercalation/
deintercalation are powerful tools for carrying out structural
modifications at low temperatures, and the principle advantage
of this method is that the reaction is essentially driven by
kinetics.”~'* Thus, it can be used to obtain metastable phases
that are not accessible with traditional high-temperature
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reactions, and then some new functional materials can be
obtained.

Most of the previous research studies in DJ type 2D-laryed
perovskites have focused on the investigation of magnetic
compounds containing transition metal ions,"”'""*7'° but
these studies rarely paid attention to the luminescent
materials.'> Tt is expected that the structural modification
strategies in layered compounds make it possible to design new
metastable phosphors with intriguing properties; in particular,
2D nanosheet luminescence materials could be expected. In
present study, we have realized the structural transformation in
the DJ type 2D-layered perovskite ALaTa,0, (A = alkali metal
cations)'’ via low-temperature (~350 °C) melt salt alkali
metal jon exchange as illustrated in Scheme 1. During this
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Scheme 1. Illustration of the Ion Exchange Process of 2D-
Layered Perovskite ALaTa,0, (A = Rb, K, and Na)
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process, RbLaTa,0, was first prepared by the conventional
solid-state method as the precursor, and then ALaTa,0; (A =
K and Na) compounds were synthesized by the topological
chemical reaction methods, which will be discussed below.
Furthermore, the luminescence properties of the designed
compounds were investigated upon doping Bi** as an activator.

As is known to all, luminescent materials with continuously
tunable excitation and emission have been intensely studied in
recent years due to their wide range of potential applications in
areas such as color display technology,'® solid-state light-
ing,lg’20 biological sensing,21 etc.”” It is well-known that
bismuth is another optically active luminescence species”””*
other than rare earth and other transition metal species, such as
Eu?*, Ce*, Mn**, Mn*, and so on.”> "> Meanwhile, it stands
out primarily due to the multiplicity of redox states which can
be stabilized in inorganic host materials. In addition, as the
heaviest element in the stable main group, bismuth itself has a
strong orbital coupling effect, resulting in potential optical
performance in a variety of host materials. In particular,
trivalent bismuth cations can provide a complex electronic
structure that interacts strongly with the corresponding
coordination environments, resulting in tunable PL emis-
sion.”™*! Obviously, it is suggested that trivalent bismuth ion
could be used as an activator for the application of solid-state
lighting.****

In view of the pertinent band gap values of ALaTa,0, (A =
alkali metal cations),* this could point a way to luminescence
emission upon Bi** doping, and the band structures among
them have also been comparatively investigated. ALa,_,Ta,-
0,:aBi** (A = Rb, K, and Na) phosphors with versatile
structures and tunable photoluminescence were explored
systematically. Experiments show that low-temperature inter-
changes of alkali metal ions make various local environments of
Bi** activator which affect the movement of emission and
excitation spectra, thereby regulating the spectra. Finally, a
novel yellow-emitting phosphor KLa,_,Ta,0,:4Bi** was
obtained and implemented successfully in fabrication of a
white light emitting diode (WLED) device with a commer-
cially available 365 nm LED chip. This topological chemical
reaction method could be highly desired to adjust the local
structural environments of activators, which in turn led to
interesting light-emitting properties.

B EXPERIMENTAL SECTION

Materials and Preparation. RbLaTa,0, (abbreviated as RLTO)
was prepared by the calcination of a mixture of Rb,CO; (AR,
Aladdin), La,0; (99.99%, Aladdin), and Ta,O5 (A.R., Aladdin) (Rb:
La: Ta = 1.4:1:2) in air at 1050 °C for 12 h, in which Rb,CO; was
present at 1.4 times the stoichiometric value to compensate for the
volatilization of rubidium during the high-temperature synthesis. The
doping concentration of Bi** was chosen to be 0.02 mol replacing
La** in RbLaTa,0,. Samples of Nal.aTa,0, (abbreviated as NLTO)
and KLaTa,0, (abbreviated as KLTO) were prepared by ion
exchange of RbLaTa,0, with the appropriate molten salts through
a soft chemical method. The RbLaTa,0, powder (0.5 mmol) was
heated in molten NaNO; (10 mmol) or KNO; (10 mmol) at 400 or
350 °C, respectively, for 24 h.'”**

Characterization. The powder X-ray diffraction (PXRD)
measurements were performed on a D8 Advance diffractometer
(Bruker Corporation, Germany), operating at 40 kV and 40 mA with
Cu Ka radiation (4 = 1.5406 A). The scanning rate for phase
identification was fixed at 8° min~' with a 20 range from 5° to 60°,
and the data for the Rietveld analysis were collected in a step-scanning
mode with a step size of 0.02° and 5 s counting time per step over a
20 range from S° to 120°. Rietveld refinements were performed by
using TOPAS 4.2 software. The energy-dispersive X-ray spectroscopy
(EDS) and mapping measurements of the samples were determined at
room temperature by scanning electron microscope (SEM, JEOL
JSM-6510).

The photoluminescence (PL) and photoluminescence excitation
(PLE) spectra were carried out by a fluorescence spectrophotometer
(F-4600, HITACHI) equipped with a photomultiplier tube operating
at 400 V with a 150 W xenon lamp as the excitation source. The
luminescence decay curves were measured by using an FLSP9200
fluorescence spectrophotometer (Edinburgh Instruments Ltd.). The
diffuse reflectance spectra were measured on a UV—vis—NIR
spectrophotometer (SolidSpec-3700 Shimadzu) with BaSO, serving
as the reference standard.

For the WLED lamp fabrication, the near-UV LED chip (1 = 365
nm) was combined with a yellow-emitting K(LagosBig0,)T2,0
phosphor. Optical properties, including the electroluminescence
spectrum, color temperature (CCT), color rendering index (Ra),
and CIE color coordinates of the LED, were characterized by using a
PMS-80 Plus UV—vis—NIR spectrophotocolorimeter (PMS-80,
Everfine).

Computational Methods. The band structure and density of
state (DOS) of the host materials ALaTa,0, (A = Rb, K and Na) are
obtained on the basis of first-principles calculations. The first-
principles calculations are performed using CASTEP,* a plane-wave
pseudopotential total energy package based on density functional
theory (DFT). Optimized norm-conserving pseudopotentials®” in
Kleinman—Bylander®® form are employed to model the electron—ion
interactions in ALaTa,0, (A = Rb, K, and Na) and allow for the use
of a relatively small plane-wave basis set without compromising the
accuracy required by this study. The Perdew—Burke—Ernzerh of
functionals® in generalized gradient approximation (GGA) form*’ is
adopted to describe the exchange and correlation energy. A high
kinetic energy cutoff of 800 eV and dense Monkhorst—Pack k-point
meshes spanning less than 0.04 A™! in the Brillouin zones are chosen.
Tests have shown that these computational parameters gave results
that are sufficiently accurate for the present purposes.

B RESULTS AND DISCUSSION

Synthesis, Structural Evolution, and Characteriza-
tion. The changing structural features of DJ type 2D-layered
perovskite ALa,_,Ta,0.:xBi** (A = Rb, K and Na) make it
possible to achieve structural transformation. Bi** is a good
activator for fluorescence emission, and in these structures Bi**
can present at various local coordination environments which
plays a crucial role in photoluminescence tuning.
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RbLaTa,0, can be easily synthesized via high-temperature
solid-state reactions, whereas ALaTa,0, (A = K and Na) are
metastable phases which cannot be obtained by direct high-
temperature synthesis. Thus, NaLaTa,0,-1.38H,0 and
KLaTa,0, were prepared by topological chemical reactions
via melt salt cation exchange with RbLaTa,0, precursor and
with NaNO; and KNOj serving as the source of corresponding
alkali metals (see Scheme 1). Note that the products need to
be washed thoroughly with deionized water to remove the
excess nitrates. As shown in Figures 1 and 2d—f; all the peaks
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Figure 1. PXRD patterns of ALaggsTa,0,:0.02 Bi** (A = Rb, K, and
Na) samples, together with the standard ICSD cards of the
corresponding compounds.

in the PXRD pattern of ALa,_,Ta,0,:xBi** (A = Rb, K, and
Na) can be successfully indexed on the basis of the ICSD
database of the corresponding undoped samples, indicating the

formation of single phases. In addition, the EDS technique was
used to determine the atomic compositions in ALaTa,0, (A =
Rb, K, and Na) samples, as shown in Figure S1. The elemental
mapping images show that, in these three compounds, Na, K,
Rb, La, Ta, and O are homogeneously distributed within each
sample. This further demonstrated that the cation exchanges
were successful.

Here, the structures of Na(LagggBigg,)T2,0,-1.38H,0,
K(Lag9sBigs)Ta,05, and Rb(LaggegBigo,)Ta,0, are refined
by the Rietveld method, and they were crystallized in
tetragonal cell, orthorhombic cell, and tetragonal cell
structures, respectively. The space group, unit cell parameters,
and structure refinement details of these compounds are given
in Table 1. Crystal structures of ALaTa, O, (A = Rb, K, and
Na) were taken as a starting model for Rietveld refinements.
Sites of La®* ions in all structures were occupied by La** and
Bi*" ions with fixed occupations of p = 0.98 and p = 0.02,
respectively. The occupation of the O*~ ion which is associated
with the water molecule in NaLaTa,0,-1.38H,0:0.02 Bi** was
refined, and with the amount of crystallized water refined to be
1.38(6).*" All refinements were stable and gave low R-factors
(Figure 2d—f and Table 1). The atom coordinates and
representative bond lengths of Na(Lay osBig0,) T2,0,-1.38H,0,
K(LagggBig0,)Ta,05 and Rb(LagegBiggy)Ta,0, are given,
respectively, in Tables S1 and S2. As shown in Figure 2a—c,
all the crystal structures of ALaTa,0, (A = Rb, K, and Na) can
be described as the same 2D-layered perovskite compounds
where the framework layer is built up based on two TaOq
octahedra with corner sharing. The stacking of adjacent
perovskite sheets depends on the ionic radius of cations in the
interlayer, and the coordination numbers of Rb, K, and Na
cationic functional groups are 8, 6, and 4 in the targeting host
materials, respectively.
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Figure 2. (a—c) Crystal structures of ALaTa,0,:0.02 Bi** (A = Rb, K, and Na) highlighting the La/BiO,, polyhedra in these layered perovskite
compounds. Profile fitting refinement of the selected samples (d) NaLaTa,0,-1.38H,0:0.02 Bi**, (e) KLaTa,0,:0.02 Bi**, and (f)
RbLaTa,0,:0.02 Bi**. Observed (red line) and calculated (black line) PXRD patterns. Green vertical lines indicate positions of the Bragg
reflections of targeting samples. Gray line represents the difference plot (observed — calculated) on the same scale.
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Table 1. Main Structural Parameters of Processing and Refinement of the Selected Samples

NaLaTa,0,-1.38H,0:0.02Bi**

space group I4/mmm

a A 3.89584 (9)
b, A 3.89584 (9)
o A 25.8120 (8)
v, A3 391.76 (2)
V4 2

20 interval, deg 5—120

Ry % 1129

R, % 8.54

Reg % 543

Ve 2.08

Ry, % 3.05

KLaTa,0,:0.02Bi** RbLaTa,0,:0.02Bi**
Cmmm P4/mmm
3.89926 (8) 3.88234 (6)
21.9005 (6) 3.88234 (6)
3.88377 (8) 11.1026 (2)
331.66 (1) 167.345 (6)
2 1
5-120 5—120
9.82 11.09
7.44 8.21
5.09 6.07
1.93 1.83
2.92 1.72

Identification of Bismuth Concentration and Valence
in Doped Samples. In order to determine the effect of Bi**
doping concentration on the formation of targeting phases, we
synthesized RbLa,_,Ta,0,:xBi** precursors with x = 1%, 2%,
5%, and 10%. The PXRD data of the obtained samples are
shown in Figure 3a, and these demonstrate that when the
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Figure 3. (a) PXRD patterns of the precursor RbLaTa,O, with
different Bi** doping concentration (% represents impurity) and (b)
XPS spectra of A(LaggsBigo,)T2,0, (A = Rb, K, and Na) samples.

doping concentration of Bi** ion is higher than 2% impurity
peaks were detected. According to the structural refinement
results, Bi** prefers to occupy the La** site which has a 12-
coordination environment. However, as we know, the
coordination number of Bi*" ion is typically S, 6, and 8.

Therefore, the doping concentrations of Bi** are limited due to
the different coordination environments between Bi** and La**
cations.

In addition, bismuth cations could readily transform into
different valence states in solid compounds.“z’43 Meanwhile,
the luminescent properties of bismuth are greatly affected by
its valence state. Therefore, it is highly essential to identify the
valence of bismuth. The X-ray photoelectron spectroscopy
(XPS) spectra of Rb(LaggBigg,)Ta,05, K(LagegBigg,)T2,05,
and Na(LaggsBig,)T2,0, are shown in Figure 3b, which
shows two characteristic peaks of Bi** around 159 and 164 eV
due to 4f,/, and 4f;),, respectively. These results are basically
identical to the standard a-Bi,O; spectrum reported in the
literature,*** implying the dominance of Bi** in ALaTa,0, (A
= Rb, K, and Na) samples.

Luminescence Property Investigation. On the basis of
the analysis of crystal structure and bismuth valence state, we
systematically studied the optical properties of A(LayggBig,)-
Ta,0, (A = Rb, K, and Na) phosphors. As can be seen from
the normalized excitation and emission spectra in Figure 4a,b,
the Rb(LagggBigg,)Ta,05 K(LagggBigg,)Ta,05 and Na-
(LagegBigs) T2,0,-1.38H,0 phosphors achieve broad emis-
sion bands peaking at 540, 550, and 510 nm when the exciting
wavelengths are 310, 325, and 300 nm, respectively. We
conjectured that it may be attributed to the nonradiative
transition of Bi*" from the excited state *P, or P, to the
ground state 'S, Of course, the peculiar luminescence
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Figure 4. (a, b) Normalized excitation spectra and emission spectra of A(LagggBig0,)T2,0, (A = Rb, K, and Na) samples. (c—e) Sites of La*" ions
in all host materials are occupied by La*" and Bi** ions. The coordination environment of activator Bi** is presented through the bond length of
La—O. (f-h) The decay curves upon optimal monitored wavelengths and lifetime values of Bi** in A(LagosBig ;) Ta,0; with different alkali metal
ion (A), where A = Rb, K, and Na. (i—k) Schematic diagram of luminescence process in A(LaggBig0,)T2,0; (A = Rb, K, and Na) phosphors.
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mechanisms for Bi** have also been outlined on the basis of the
experimental results in the previous works.”"*" The excited
phosphors A(Lag ¢gBig0,)Ta,0; (A = Rb, K, and Na) exhibit a
symmetric broad emission band in the present work, implying
that the Bi** activator has only one type of local environment
in each sample.

It is generally known that the luminescent origin of the Bi**
activator is very complicated and its unique optical properties
are easily affected by the crystal structure of the host material.
Here, sites of La®" ions in all samples are occupied by La*" and
Bi’* ions with fixed occupations of p = 0.98 and p = 0.02,
respectively. As shown in Figure 4c—e, the La/Bi—O bond
lengths of A(LaggsBigg,)T2,0, (A = Rb, K, and Na)
phosphors are different from each other, indicating the
different Bi’" local environments. It should be pointed out
that the reduction of the distance between atoms also means
the increase of bond covalence. In other words, the crystal field
strength could be calculated with the following equation:*®

2 4
ze'r

RIS 0
Here, the following definitions apply: D, is the measured
crystal field strength, R is the distance between the central ion
and its ligands, z is the charge or valence of the anion, e is the
charge of an electron, and r is the radius of the d wave
function. With this knowledge, it is reasonable to use the
average La/Bi—O bond lengths to evaluate the local environ-
ment surrounding Bi** ions. According to the refinement
results, the average La/Bi—O bond lengths of A(LagegBigo,)-
Ta,0, (A = Rb, K, and Na) are 2.709, 2.724, and 2.712 A,
respectively. This is caused by the difference of the ionic radii
of Rb*, K*, and Na*, which lead to different coordination
geometries and indirectly cause the distortion of [La—O,]
polyhedra, and therefore the average La/Bi—O bond lengths
are affected. Since the ion radius of K* is smaller than that of
Rb*, a stronger crystal field can be realized from the
Rb(Lay 9sBig ;) Ta,0; to the K(LagggBig,)Ta,0, phosphor.
As a consequence, we infer that the excited state *P; or °P, of
K(LaggsBigg,)Ta,0, is lower than that of Rb(LaggegBig;)-
Ta,0; and leads to the red shift of emission and excitation
edges. Obviously, the spectral characteristics could meet this
rule, and the red shift of the spectral peak is observed with the
reduction of ion radius. Nevertheless, the spectral characteristic
of Na(LaggsBigg,)Ta,05-1.38H,0 is inconsistent with the
above rule; we suspect that the water molecule entering into
the interlayer led to the change in the crystal field environment
of Bi*".

In addition, the decay behavior of the activator in host
materials can act as a useful tool to check the origin of
fluorescence and give clues to site occupancy information.
Figure 4f—h presents the room temperature decay curves of
A(LagggBig,)T2,0, (A = Rb, K, and Na) phosphors. The
corresponding luminescent decay curves could be fitted using a
biexponential temporal dependence according to eq 2:"’

I=A exp[—iJ + A, exp[—ti]
T T, (2)

Here, the following abbrevations apply: I is the luminescence
intensity, f is the time after excitation, 7, (i = 1, 2) represents
the decay time of i component, and parameters A, and A, are
the fitting constants. Using these parameters, the average decay
time ¢ can be calculated by the following formula:

t= (Ali'l2 + AZTZZ)/(AITI + A,1,) (3)

On these bases, the lifetime values of Bi** ions in
A(LagegBig,)T2,0, (A = Rb, K, and Na) phosphors are
calculated to be 523.931, 607.865, and 463.706 ns,
respectively. There is an obvious difference in the lifetime
values for the compositions suggesting the possible phase
transition range. Furthermore, it is well-known that the ground
state of the trivalent bismuth ion is 'Sy and the excited states in
an increasing energy order can be split into the P, °P}, *P,,
and 'P, levels. The transitions 'S, — °P, or °P, are known to
be spin-forbidden, whereas 'S, — P, or 'P, are parity-allowed
due to spin—orbit coupling. Therefore, we suppose that the
double-exponential decay is caused by the two transitions of
3P, — 'S, and P, —'S, that correspond to the short-decay
and long-decay components, resgectively. This is similar to the
previously reported explanation.”***

It is generally known that the band gap of the host material
is also a vital factor affecting the luminescence of the Bi*"
cation. In order to accurately evaluate the performance of the
band gap of hosts, we investigate the band structures and
density of state (DOS) based on the first-principles
calculations. As shown in Figure Sa—c, the calculated band
gaps of ALaTa,0; (A = Rb, K, and Na) samples are 4.54, 3.42,
and 3.57 eV, respectively.
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Figure 5. (a—c) Electronic band structures. (d—f) Partial density of
state of host groups A(LagosBige,)T2,0; (A = Rb, K, and Na).
Forbidden bands are shown in brown regions.

The slight deviation between the calculated and measured
band gaps is mainly attributed to the discontinuity of
exchange-correlation terms in PBE functionals. It is observed
that all the three compounds are typical indirect-transition
semiconductors with large k-space between valence band (VB)
maximum and conduction band (CB) minimum (Figure Sa—
c). This would effectively eliminate the absorption on the
stimulating light of the host and guarantee the high PL
efficiency. Moreover, the electronic states around the
forbidden bands mostly originated from the tantalum and
oxygen atoms. In comparison, lanthanum atoms contribute
almost nothing to these states, implying that the electronic
orbitals within the LaO, polyhedra are rather localized. Thus,
the Bi*" ions doped at the lanthanum site would also have a
low possibility to generate free carriers under radiation, which
would also be favorable for the luminescent application.
Therefore, ALaTa,O, is a suitable host for luminescent
materials doped by Bi** activator.
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As presented in Figure 6, the optical band gaps of
A(LagegBig,)T2,0, (A = Rb, K, and Na) phosphors are

O
—~

RbLaTa,0,:0.02Bi"" /
—~ 804
§ —34 Indirect gand gap /
< 60 . 3 | ~a10ev
S ——RbLaTa,0,:0.028i* | =
= w2
8 40 ——KLaTa,0,:0.0281" | 2
< N -
& 20 ——NaLaTa,0,:0.028i" 1
200 300 400 500 600 700 800 %% 40 g 5.0
) Wavelength / nm Photon energy (eV)
C)s .3+
KLaTa,0,:0.028i"  / D] NaLaTa,0,:0.028:" !

~ | Indirectgand gap | Indirect gand gap
3 5| ~3.94ev 331 ~3.96eV
s s '
5 52
R g

=1

/
0 - v v 0 4
3.0 3.5 A0 45 5.0 3.0 35 /4.0 45 5.0

Photon energy (eV) Photon energy (eV)

Figure 6. (a) Diffuse reflectance spectra of A(LaggsBig0,)T2,0; (A =
Rb, K, and Na) phosphors and the extrapolations of band gap energy
of A(LagggBig ;) T2,0; phosphors: (b) A =Rb, (¢) A=K, and (d) A
= Na.

measured by the diffuse reflection spectra and estimated to be
about 4.10, 3.94, and 3.96 eV, respectively. After compre-
hensive analysis, the schematic illustration of luminescence in
A(LagegBig0,)T2,0, (A = Rb, K, and Na) phosphors could be
summarized on the basis of the comprehensive analysis of
spectra and band gaps, as shown in Figure 4i—k. To put it
briefly, Bi** local environments in various crystallographic sites
enable the different distributions of emission and excitation
spectra owing to the ion exchange of alkaline earth metals,
thereby affecting the regulation of the spectrum.

In the process of phosphor applications, thermal stability is
one of the most important indicators of phosphor quality.
Therefore, it is necessary to conduct a comprehensive study of
the thermal quenching of phosphors. The temperature-
dependent photoluminescence spectra of A(LagggBig0,)Ta,0;
(A = Rb, K, and Na) phosphors were tested under appropriate
excitation at a temperature range room temperature (RT) to
200 °C and with a temperature interval of 25 °C. The detailed
experimental results are presented in Figures 7a—c and 8a—d,
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Figure 7. Temperature dependence of emission spectra for 2% Bi**-
doped ALaTa,0;, phosphors: (a) A =Rb, (b) A=K, and (c) A = Na.

showing that the integrated intensity of emission spectra
decreases with increasing temperature. Specifically, the
normalized integrated PL intensity of Rb(LagesBigo,)T2,0;
decreases slightly with increasing temperature, suggesting that
the Rb(Lago5Biy ;) Ta,0, phosphor has good thermal stability.
Nevertheless, the excitation spectrum of the Rb(LagggBig,)-
Ta,O, phosphor at 250—350 nm is not suitable for WLED
applications due to the lack of commercial near-ultraviolet or
blue chips. Clearly, the thermal stability of the Na(Lay¢gBig g,)-
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Figure 8. (a) Normalized emission intensity as a function of
temperature of A(LaggsBig,)T2,0; (A = Rb, K, and Na) phosphors.
Temperature-dependent spectral emissions from room temperature to
200 °C for (b) Rb(LaggsBig0)T2,07 (¢) K(LagBigy)T2,07, and
(d) Na(LagssBig2)Ta,05.

Ta,0,-1.38H,0 phosphor is poor, with a sharp drop in the
emission spectral intensity with increasing temperature.
Additionally, the normalized integrated PL intensity of the
K(LaggBigg,)Ta,0; phosphor decreases with increasing
temperature from 25 to 200 °C, and with about 50% emission
intensity remaining at 150 °C. Taking into account the spectral
characteristics and thermal stability properties of these three
phosphors, K(LagesBigo,)T2,05 is the yellow-emitting phos-
phor with the hightest potential for use in UV chip based
WLED applications. Considering the practical application of
the K(LayosBig0,)T2,0, phosphor, we recorded the internal
quantum efficiencies (IQEs), which is another important
parameter to consider for practical application. It can be
calculated using the following expression:

/ L
n
" [E, - [E )

Here, Lg is the emission spectrum. Eg is the spectrum of the
light used to excite the sample, and Ey is the spectrum of the
excitation light without the sample in the integrating sphere.
The IQE of a typical K(LagggBigg,)T2,0; phosphor was
measured upon 325 nm excitation, and the corresponding
value is 42.3%.

CIE Chromaticity Coordinates and EL Spectrum of
WLED Lamp. The corresponding CIE chromaticity diagram
calculated from the emission spectra of A(LaggsBig0,)T2,0,
(A = Rb, K, and Na) samples and their corresponding digital
images upon 254 nm UV lamp excitation are shown in Figure
9a. The yellow-emitting KLaTa,0,:0.02 Bi** phosphor with
the CIE color coordinate of (0.3860, 0.5618) was chosen to be
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Figure 9. (a) CIE coordinates and digital photos of A(LagegBiy0,)-
Ta,0, (A = Rb, K, and Na) phosphors. (b) Electroluminescent
spectrum of the fabricated WLED.
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applied in UV chip pumped WLED. On this basis, we
combined blue-emitting BaMgAl,,O,,:Eu*" and yellow-emit-
ting K(LagogBig ) Ta,0; with a commercial UV LED chip (1
= ~365 nm) to realize white light emission. The electro-
luminescence (EL) spectrum of the white LED lamp is shown
in Figure 9b. It revealed a CIE color coordinate of (0.301,
0.295) with the white light correlated color temperature
(CCT) of 6710 K and the color rendering index (Ra) of 77.8,
indicating that K(Lay¢gBig0,)T2,0; is a good candidate for an
UV-excitable white-emitting phosphor.

B CONCLUSION

In summary, three kinds of DJ type 2D-layered perovskites
were comparatively investigated, and novel metastable K-
(LagegBig ) Ta,0, and Na(LagegBig o) Ta,0,-1.38H,0 were
obtained by topological low-temperature (~350 °C) ion
exchange with Rb(LaggBigg,)Ta,0, serving as precursor.
The fluorescence spectra study show that A(Lay 9sBig0,)Ta,0,
(A = Rb, K, and Na) phosphors exhibit broad emission bands
peaking at 540, 550, and 510 nm, respectively, which are
attributed to the nonradiative transition of Bi** from excited
state *P; or P, to ground state 'S,. The interactions between
alkali metals and La/Bi—O;, make a variety of local
environments for Bi** activator which affect the movement
of emission and excitation spectra, thereby realizing the
regulation of the spectra. In view of the above facts, a
yellow-emitting K(LagogBig0,)Ta,0; phosphor has been
implemented successfully in the fabrication of WLED device
with a commercially available 365 nm LED chip. This strategy
of low-temperature ion exchange opens up new opportunities
to delve into new types of phosphors with metastable phases.
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