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Abstract

A red phosphor with a broad excitation band in tdne sharp emission peaks in
red is needed for compensating the red compondnighibe light-emitting diodes
(WLEDSs) by converting blue light with a yellow phgi®r YsAls012:Ce™* (YAG:Ce).
The red phosphor LiSrAEMn** (LSAF:Mn) with morphology of flaky particles
about 50um in diameter has been synthesized by an ion-egehegaction route at
room-temperature in air. The as-synthesized phaspivere characterized by x-ray
powder diffraction (XRD), scanning electron microge (SEM), and
temperature-dependent photoluminescence (PL) spetie excitation spectrum of
LSAF:Mn shows a broad-band excitation from 400 @9 5\m that is due to the
spin-allowed transition ofA,, — “T,4 of Mn*, indicating a potential application for
solid state lighting. The optimal PL intensity dfet phosphor LSAF:Mn has been

obtained by optimizing the synthetic parameters.



1. Introduction

WLEDs have attracted much attention due to theghrefficiency, long serving
time, and environmental friendly compared to comiegral incandescent and
fluorescence lightings® The main strategy to obtain WLEDs is mixing thaeblight
from InGaN LED chips and yellow light from phospeofAG:Ce, which suffers from
the problems of low color rendering index (CRI <) &hd high correlated color
temperature (CCT > 5000 K) because of the insefficired contribution in their
white PL spectrd® Combination of a red phosphor to compensate tth&oenponent
is a feasible approach to obtain white light witnttolled emission color properties
and a CRI higher than 9@.In this regard, it is essential to develop redgptors that
can be efficiently excited by the blue LED chips.

To develop a novel efficient red-emitting phosphloesng excitable by blue LED,
Mn** with outer 3d electron configuration exhibiting narrow-band esios lines in
red region and a broad-band excitation in blueoregre considered to be efficient
candidate because the #rdoped red phosphors can be effectively excitedlbg
light and emit intense red luminescenté: Generally, Mfi* ions located at the
centers of octahedral sites in solid state inoaompounds act as luminescence
emitters. M#* ions in most hosts of red phosphors have a grdugharp emitting
peaks in red region between 600 and 650 nm. The dtructure of the emission
spectrum and the efficiency of the #rdoped phosphors are strongly dependent on
the microenvironment M¥ experienced that including the crystallographycttire,
coordination environments, and remote neighboucatipns'®** For example, a red
phosphor RESiFs:Mn**" obtained by replacement of Kiith Rb" shows better thermal
stability than KSiFs:Mn**.2° We have reported the formation mechanism and the

luminescence properties of Kmsubstituted phosphors containing [GEF and



[AIF]> octahedrons in bNaGaFi, (LNGF) and LiNaAlFi, (LNAF),
respectively*? It is observed that the PL spectra of LNGF:Mn eeey similar to
those of LNAF:Mn but the quantum yield of LNGF:M# mearly 3 times of that of
LNAF:Mn. Moreover, the luminescence color purityddaminescence efficiency of
K,NaAlFg:Mn** are much better than those of,LKAIFgMn*" due to slight
nephelauxetic effect in #daAlFs.**** Thus, the performance of the Mrsubstituted
phosphors is strongly subject to the surroundifgdh® luminescence center in host
lattice.

To our knowledge, the preparation and optical prige of M doped alkaline
earth metal fluoride phosphors have not been regao far except for BaTjifvin**
and BaSigMn*"*>*" Additionally, there is no Mfi doped alkaline earth metal
fluoride phosphors containingmor C&* reported previously. In this work, a novel
red Mri"* doped hexa-fluoroaluminate LSAF:Mn has been firsinthesized by the
ion-exchange method at room-temperature and itmgbon mechanism has been
discussed. The phosphor LSAF:Mn shows red sharpypemnission, a broad
absorption in the blue light region, and excelligrermal stability, which is promising
in improvement of the performance of WLEDs basedr®®aN chips and YAG:Ce
phosphors. This work will open the opportunity é@velopment of novel Mt doped

fluoride phosphors containing alkaline earth metal.

2. Experimental
2.1 Synthesis of red phosphors
Starting materials
The raw materials used in this work include KMn®HF,, H,O, (30 wt%), LiF,

SrCQ;, AlF3, HF (40 wt%) and ethyl alcohol (AR). All of thesgarting reagents were



used directly without any further purification. Ahe chemicals were purchased from
Aladdin Reagent Co., Ltd (Shanghai).

Synthesis of K,MnFg
According to the operating procedures reported iptsly, 230 mmol KHE and

5.7 mmol KMnQ were dissolved in 30 mL HF (40 wt%) solution, ttee6 ml HO,
(30 wt%) was dropwise addétlfter 30 min magnetically stirring, the deep purple
solution gradually turned yellow and a yellow ppeEte was obtained at the same
time. The resulting yellow solid productMnFs was collected carefully by sucking
filtration, washed extensively with methanol seVdimes, and dried at 68C for 4

hours.

Synthesis of host lattice LiSrAlFg

Herein, 0.01 mol LiF, 0.01 mol SrGOand 0.01 mol Alg were weighed and
dissolved in 20 ml HF (10 wt%) solution under stigr The white precipitate of
LiSrAlF¢ was produced at room-temperature after stirrimgtfb. The resulting white
solid compounds were filtered, washed with ethgbhbl, and dried at 60°C for 4 h.

Synthesis of red phosphor LiSrAlFs:Mn**

Red phosphors LiSTAEMn** were prepared via an ion exchange and
co-precipitation combined synthesis with differemmolecular values of
KoMnFg/LiSrAlFs. In a typical synthesis, 0.2 mmobMnFs was added into 20 ml 10
wt % HF solution until completely dissolved, and ménol LiSrAlFRs was added into
the yellow transparent solution. After magneticallyirring for 3 hours, the
precipitates were collected, washed with ethyl lmb¢dor several times, and dried at

60 °C for 4 hours.



2.2 Characterization

XRD patterns of the products were collected on akBr (Karlsruhe, Germany) D8
Advance x-ray powder diffraction (XRD) with graphditmonochromatized CK,
radiation §= 0.15418 nm) at the scan rate of.ifin” in the two degrees range from
10°~80°. The morphology and elemental composition of thegm@pared products
were studied by a Nova NanoSEM 200 scanning electricroscope (FE-SEM, FEI
Inc.) with an attached energy-dispersive x-ray spet (EDS) , transmission electron
microscopy (TEM), and selected area electron diffom (SAED), elemental
compositions analysis obtained using an energyedisge spectrometer (EDS) with a
JEOL 2100F high-resolution transmission electroorascope using an accelerating
voltage of 200 kV. The thermal stability the redopphors are investigated by
thermogravimetrics (TG) analysis and different swag calorimeter (DSC; Netzsch
STA 449 C, at a heating rate of 10 K.mMinUV-vis diffuse reflectance spectra were
measured by using a Shimadzu UV-3600 spectrom@teotoluminescence (PL)
spectra were recorded on FluoroMax-4 spectrofluetem(Horiba Jobin Yvon Inc.)
with a 150 W xenon lamp (as the excitation souva#) a heating attachment.
3. Resultsand discussions
3.1. Phase purity, morphology and composition analysis

The phase purities of the products prepared aeréift temperatures and with
various molecular ratios of KInFg/LiSrAlFs by keeping other reaction conditions
consistent, have been characterized using XRD asrsin Fig. 1. All of the strong

and sharp diffraction peaks of the samples LSAFdWtained at temperatures from



room-temperature to 20C and with KMnF¢/LiSrAlFs ranging from 0.5 to 16 mol%
can be indexed as a pure hexagonal LSAF phasethAlllocations and relative
intensities of the diffraction peaks coincide weith the values in standards card
(ICDD No0.48-1640) of LSAF. No other impurity phasan be observed, which
indicates that the pure hexagonal phase LSAF caneédily prepared using this
method. The formation of the LSAF precipitate carelpressed as following:

LiF + SICQ; + AlF3 + 2HF = LiSrAlR + H,O + CG, (1)

The red phosphor LSAF:Mn has been obtained thranghexchange and the
partial anions [Alg]> were replaced by [Mf?” when mixing KMnFs and LSAF in
HF solution based on the following reactions:

LiSrAIFg + [MnFe]? = LiSrAIFg:Mn** 2)

In order to further study the crystal structureonnfiation of the obtained phosphors,
the Rietveld refinement of LSAF:Mn with the singlgystal structure date of LSAF
(ICSD No. 68905) as the initial model was carried osing the General Structure
Analysis System (GSAS) program, and the resulh@wv in Fig. 2a. The black line
represents the difference between experimentalcatallated, and the blue sticks
mark the Bragg reflection position. It shows thlagéyt match very well with that
obtained from the experimental curve, indicatingttthe doped MH ions does not
cause any impurity in the LSAF host structure.

The final refinement structural parameters and tine atom coordinates are
summarized in Table 1. It demonstrate that LSAFitong to hexagonal structure

with a group of P-31¢(163). The unit-cell parametare a = b = 5.071 A, ¢ = 10.189



A, @ =B =90°y =120° and V = 226.91 AN = 2. The final results of refinement are
converged to B, = 5.24% and R= 11.14%, indicating good refinement quality and
the formation of a single-phase of LSAF. Accordiaghe Rietveld refinement result,
the crystal structure is drawn using Diamond sofénand shown in Fig. 2b. In the
crystal lattice and the unit cell of LSAF, eacti’Ab surrounded by 6 Fons to form a
regular [AlRg]* octahedral structure. In HF acid solution, thelgakchange between
ions [MnRs)* and [AlRs]*> occurs during stirring, and the Kfrions were stabilized at
the lattice sites of Af ions.

The corresponding histograms of size distributionthe LSAF:Mn is depicted in
Fig. 3a. The average diameter for the particlesbmut 1281+192 nm. The LSAF:Mn
was taken to investigate the elemental composhioanergy dispersive spectrometry
(EDS) as given in Fig. 3b. The EDS spectrum inéisdhat the composing element F,
Sr, Al, and Mn atoms were detected, but the elernieisttoo light to be detected. The
results indicate the flaky particles of the phospdre confirmed to be pure LSAF:Mn.
The scanning electron microscopy (SEM) images oAE#n shown in Fig. 3b
(inset) exhibit that the samples consist of flakytigles about 1-8m in diameter.

To further confirm the morphology of the as-synthessamples, the TEM,
HRTEM, and elemental mapping were carried out dnave in Fig. 4a-c. In HRTEM,
the lattice fringes are found to be about 0.1499 winich is consistent with the
d-spacing of the (118) plane of LSAF crystal. Thapping images clearly show that
the elements present in the synthesized sampl&rawsl, F, and Mn, which further

provides proof that the obtained samples are p&#&H_phases, and Mhions have



been successfully doped into the host lattice.

The thermal stability of phosphor is a key paramspecially for LEDs with high
power because its working temperature could amtve50°C, which seriously affect
the performance of LEDs, such as the serving ftifeti color rending index,
chromaticity, and luminous efficiency. As shownFig. 5a, TG and DTA curves of
LSAF:Mn show that the weight has remained the @omsuntil about 760C. Such
high decomposition temperature suggests that thespdtor LSAF:Mn has high
thermal stability and meets the requirement in WLiYices. The diffuse reflection
spectra have been recorded for both undoped arfd ddped LSAF as shown in Fig.
5b. According to the spectra, it can be seen tiatwo absorption bands peaking at
370 nm and 465 nm are assigned to the spin-alldeggd — “T:gand*Ay, — “Tag
transitions of Mfi*, respectively. The strong absorption band betvgr-250 nm is
originating from the absorption of hosts which fdun both curves.

Fig. 6 illustrates the PL spectra of the red phos!SAF:Mn measured at 78 and
298 K, respectively. The room-temperature excitagpectrum monitored at 618 nm
shows two bands ranging from 300 nm to 500 nm. Bdreds centered at 365 and 467
nm are owing to*A,; — “Tiy and “Ayy — °T,4 transitions, respectively. The
excitation spectrum demonstrates that LSAF:Mn phospcould be well excited by
blue LED chips. It is worth noting that the spekcwaerlap between the excitation
spectrum of the red phosphor LSAF:Mn and the ewissipectrum of the yellow
phosphor YAG:Ce is small, the photon reabsorptieceis smaller than nitride red

phosphors when they are co-coating on LED chipsiddmexcitation at 467 nm, the



room-temperature emission spectrum of LSAF:Mn pressix emission peaks at 595,
605, 610, 618, 628, 632, and 646 nm, which belotogysanti-stokes vibronic
transitions y(t1,), Va(t1), and ¥(t), zero phonon line (ZPL), and Stokes vibronic
transitions W(toy), Va(tw), and ¥(tw), respectively’ Compared to that measured at
298 K, the emission spectrum measured at 78 K septs blue-shift in all the Stokes
vibronic transitions of Mf ions mainly due to a nephelauxetic effect arousged
unit cell shrinkagé® The decreased absorbed photons and less weaktiafibra
transition coupling associated with the vibratiomdes of [MnE]* octahedron at
lower temperauture also contribute the blue-shifemitting transitions of M ions.
The zero phonon line (ZPL) of Mhions is generally locating >620 nm, such as at
625 nm in KLIAIF¢ and 620 nm in N#lFg, which indicates red shift compared to
the ZPL at 618 nm in the emission spectrum of L$AFmeasured at 298 #:2* The
ZPL emission intensity depends on the local symynefrsites that the Mt ion
occupied. The distortion of the octahedron and ltve symmetry will lead to the
stronger ZPL emission of Mhion?***The location of ZPL of the Mfi might be
attributed to the crystal field strength and bomersyth of Al-F bond in [Alg]*
octahedron. The electron deficiency of divalent* Sons is stronger than that of
monovalent alkaline metal ions such asafd Na in previous works, which leads to
lower electron cloud density and shorter Al-F bdedgth in LSAF than those in
K,LiAIF ¢ and NaAlFs.>3?* Therefore, the wavelength of ZPL emission in LSAF
shorter than that in alkaline metal fluoaluminatkse to the stronger crystal field
strength aroused by %iions in LSAF.

10



According to the method reported previously, theoraf Dg/B is 3.88 that is
higher than 2.2, indicating that Knions experience a strong crystal field LSAF host
lattice*%® The Dg/B value in the LiN&IFg host lattice is 3.80 according to the data
in previous work, which is smaller than that in LS The result demonstrates the
crystal field in LSAF is stronger than that in LipdFs. ThezEg level of Mri** ion is
almost independent of the crystal field strengtcoading to the Tanabe-Sugano
energy level diagram. Whereas the emission peatgyeﬁEg — 4Azg transition of
Mn** depends mainly on the nephelauxetic effect, wiscmainly derived from the
covalent value of Mfi-ligand bonding?’ The as-prepared powder sample LSAF:Mn
is white under natural light and emits intense lk@dinescence under UV lamp as
shown in their photographs in Fig. 6b (inset), cadés that this red-emitting phosphor
can be used as a red component applied to LED d¢émiy On the basis of the
emission spectrum of LSAF:Mn, the CIE chromatiagtyordinate of LSAF:Mn are
calculated as x = 0.680 and y = 0.318.

3.2 Optimized luminescence and concentration quenching mechanism

Fig. 7a shows the emission spectra for a seri€SaF:xMn (x = 0.5-16 mol%), in
which, x is the ratio of BMnF¢/LSAF. All of the spectra have identical features
except for their emission intensity. It is cleathyat the luminescence intensity of
LSAF:Mn increases initially and reaches a maximumnt & 2 mol%, then decrease,
which is ascribe to concentration quenching. Theaitescence decay curves of
LSAF:Mn with different concentrations of Mhmonitored at 618 nm and recorded
under excitation at 467 nm at room-temperaturesamvn in Fig. 7b. All the decay

11



curves could be well fitted into singly exponenfiahction as?®>°

I, =1,exp(-t /1) 3)

Wherelp andl; are for the luminescence intensities at tighandt;, respectively;
denotes the decay time of luminescence from cooretipg sample, which could be
easily calculated by fitting the decay curves. Witte ratio of KMnF¢/LSAF
increasing from 0.5 to 16 mol%, the lifetime desesafrom 4.11 to 3.35 ms.

Concentration quenching is usually caused by thmiroence of energy transfer
between the nearest Kfnions. Since there is no overlap between the dimitand
emission spectra of M ions, the energy transfer mechanism involved e tBAF
crystal host is not radiation reabsorption. It nimey due to exchange interaction or
electric multipolar interaction. Since there is yomne kind of MA* luminescent
center in the host lattice, the critical energysfer distanceR,) between MA* ions

can be calculated by the following equatiéi?

3\/ 1/3
A
47rx.N @)

WhereV is the volume of the unit celk; is the critical concentration of the activator

ion, andN is the number of formula units per unit cell. RSAF host latticeV =

228.7 B, N = 2, and the critical concentration of #nis found to be 2 mol%.
Therefore,R. of Mn** is determined to be 22.19 A. Non-radiative eneirgysfer
among Mit" ions usually occurs as a result of an exchangerdation, radiation
reabsorption, or a multipole-multipole interaction.

The exchange interaction responsible for the endrggsfer for spin-allowed
12



transition of Mi* ion is excluded becaud® of Mn* in LSAF:Mn is much larger

than 5 A. In view of the little overlapping of emisn and excitation spectrum of
LSAF:Mn phosphor, the reabsorption mechanism shawdt occur in this case.
Therefore, the multipole-multipole interaction i®ndinant for the concentration
quenching mechanism of Mhemission in LSAF:Mn.

Generally, elevating reaction temperature is favigrao gain higher luminescence
efficiency for traditional rare earth ions dopedriganic phosphot***We obtained a
series of LSAF:Mn samples at a reaction temperatamging from 25 to 208C. All
the samples are confirmed to be pure LSAF phashawsn in Fig. 1 and emit red
light as shown in emission spectra in Fig. 8. Ak temission spectra have similar
features and their integrated luminescence intessitepend strongly on the reaction
temperature. With the reaction temperature incngasihe luminescence intensity
increases and reaches a maximum atGQhen decreases with reaction temperature
further increasing. The results indicate elevatieaction temperature to 5C can
improve the luminescence intensity of LSAF:Mn stiglwhich might be due to the
improvement of crystallization. Whereas, furthergasing reaction temperature to be
higher than 86C will lead to decomposing of KInFs and decrease the concentration
of luminescence centet$>® Consequently, the doping and crystallization of*Mn
doped fluorides can be actually completed at roempierature and their formation
mechanism based on dynamically ion exchange i glifferent from that for the
traditional rare earth ions doped phosphors. The#y internal quantum yield of the

sample LSAF:Mn is about 78% measured accordinght rhethod used in the

13



previous works?
3.3 Temperature-dependent |uminescence and thermal quenching

The thermal quenching of luminescence is an impogarameter to evaluate the
performance of phosphor materials. Fig. 9a depiwsdependence of luminescence
of LSAF:Mn on measurement temperature. With indreptemperature, the emission
intensity decreases gradually due to the temperauenching. Note that the intensity
at 493 K still remains over 55% of that at room-pe&mature.
4. Conclusion

In conclusion, we explored a novel red fluoride gptwor LSAF:Mn including
strontium at room-temperature. The obtained phasp8&\F:Mn shows broadened
excitation band around 470 nm, and enhanced reslsens due to the spin forbidden
transitions’Ey — “Azy of Mn**. The chromaticity coordinates for phosphor LSAF:Mn
are located at x=0.68 and y=0.32, which are veogelto standard red region (0.67,
0.33). The optimal concentration obMnFs in the reaction system is 2.0 mol% of
LSAF and the optimal experimental temperature is°60to obtain the highest
luminescent intensity. The red phosphor LSAF:Mngkaadecomposed up to 760
which indicates excellent thermal stability anduéable candidate for the fabrication
of blue InGaN based WLEDs.
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Figure captions:

Fig. 1 XRD patterns of samples prepared (a) at differemperatures with molecular
ratioof KoMnFg/LiSrAIFg = 2 mol% and (b) with various molecular ratios of
KoMnFg/LiSrAlFe.

Fig. 2 X-ray diffraction patterns of LiSrAlEMn** samples (a) obtained after
full-pattern Rietveld refinement and (b) the stuet projection of LiSrAIEMn**
crystal structure plotted by software Diamond 3.1.

Fig. 3 (a) Size distribution and (b) EDS spectrum of Bisis:Mn*" particles (inset:
SEM images of LiSrAIEMn** flaky particles.

Fig. 4 (a) TEM, (b) HRTEM images, and (c) the element puwag of Sr, Al, F, and
Mn in selected area of LiSrAJMn*" sample.

Fig. 5 (a) The thermogravimetrics (TG) analysis and d#ifieé scanning calorimeter
(DSC) of red phosphor LiSrAMn** and (b) the diffuse reflectance spectra of
undoped LiSrAll and red phosphors LiSrAifvIn*".

Fig. 6 (a) Excitation and (b) emission spectra of LiSrAln** with molecular ratio
of KoMnFg/LiSrAIFs = 2 mol% measured at 78 and 298 K, respectivehsett
photographs of the phosphor LiSrAlMn** taken under visible light and UV light,

respectively.)

Fig. 7 (a) Emission spectra (inset: dependence of intedrainission intensity on the
concentrations of ¥MnFs.) and (b) decay curves for red emission of phospho

LiSrAIFg:Mn* prepared with various concentrations eMFs.

Fig. 8 Emission spectra and the corresponding integratednkescence intensity of

21



LiSrAIFg:Mn** with molecular ratio of KMnFg/LiSrAlFs = 2 mol% dependent on
reaction temperature.

Fig. 9 (a) The emission spectra and (b) the luminescérteasity of LiSrAlR:Mn**
with molecular ratio of KMnF¢/LiSrAlFg = 2 mol% dependent on measurement

temperature.
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Table 1 Refined structural parameters for LiSrAlMn** at room temperature.

Atoms site Occupancyx y z Biso(&)
Lil 2c 1 0.3333 0.6667 0.25 1.34(1)
sr1 2b 1 0 0 0 1.54(1)
All/Mn1 2d 0.98/0.02 0.6667 0.3333 0.25 1.42(1
F1 12i 1 0.3892(8) 0.027(1) 0.1475(5) 1.72(1)

a=b=5071A c=10189 A, v = 226.92 Apace group: P-31c(163), Z =

refinement result: e = 5.24%, R = 11.14%y° = 3.03
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Highlights.
1. Synthesis of LiSrAlIFzMn* at room temperature and its reaction mechanism.
2. The phosphor shows good thermal stability and optical properties.

3. Theinfluence of synthesis conditions on luminescenceis studied.



