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1 Introduction 1

1 Introduction

Electrical energy consumed by lighting represergigaificantshareof global energy usé€oncerns
about climate changand desire for energy independence are causing the global lighting market to
developmore energefficient light source$.As a resultwhite light emitting diodes (LEDshave
beenintroducedto replaceconventional incandescent light bsltas well as fluorescent lamps
Recently, slid-state lighting (SSLhasemerged withimproved energy efficiency, light quality and
long-term durability, but there is still room for improvemeint packaging, engineering and phosphor
development New materials and applications for phospbonverted (pgLEDs are expected to
support this technological revolution.

The SSL developmentstands fora radical transformationin how we considerand implement
lighting, and represents a hugkanceo significanty reduceenergyconsumptionLED lighting in the
US is forecasted to represent 88% of the luimewrs produced by general illuminationthe year
203Q while a466 0 % reduction of electricity cof€EDmpti on
scenarid. From an econoio point of view, the LED market is growing rapidlyh&revenue of the
worldwide LED lighting industry is predicted to raise fras&$0 billion in 2014 toUS$45.5 billion
in 2022° LEDs are increasinglymportart in generalighting applications that were dominated by
light bulbs since the end of the ™@entury. Furthemapplication of white LEDss establishedby
integraton, e.g.,in flat, backlit liquid crystaldisplays (LCDsJ In future, challenges, such as the
interdependence of e f f life¢ aree quéstedsuichgas ite ienhancermemtdof e ver y
intelligent street lightingas well asinnovative lighting solutionsn the automotive sectaand in
medical devices®

So far, general lighting is still the largest market forLg®s as te rapid developmenf LEDs
with high quality illumination gradelight allows catching up withclassiclight bulbs The greatest
advantage ofthe incandescent lamps is thepet unmatchedcolor renderingwith a CRI (color
rendering indexyalue OL00 corresporidgtot he suno6s s P Neverthelassproduotione r a g e
and saleof light bulbs washannedby lawin the EU in 200%ecausén incandescent lampsnly 5i
10% of the electric energy is converted into visible emission.r@&maining 9095% areradiated as
heat therefore represeing a hugeenergywaste® Prior to theconquest of the lighting marked by
LEDs, fluorescent lamps were the only energy efficient alternative to incandescent lightButldsie
to containing toxic mercury and the insufiient light quality with CRI valuesof only 60i 80,
fluorescent lampareonly an interim solutiod. The most promising alternatifer coveing the total
general lighting market argtate of the arLEDs achievng CRI values >9G¢:ombined withexcellent
energy efficiency

The decisive value in théiscussion of energy efficiency aflight sourceis the overall luminous
efficacy that is determined lihe ratio of produced luminous flux and consumed enekgyninous

efficacy can be used to compare thergpefficiency of a light source, and givasomparable value
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for the total quantity of visible lighemitted by a light sourcedjvided bythe total consumed power of

an LED packageWhile classial light bulbs reachvalues ofonly 15Im/W, fluorescent lampsave

values up to 100m/W. These values ai@readysignificantly exceeded by LEDs with values of 100
140Im/W. A goal defined by tle US Department of Energy (DOE the development of BRED
packagewith a luminous efficacy excesd) 240 Im/W in 2025' This goal applies for both, warm
white and cool white ptED packagedor specific applicatins The terms warm white and cool
white refer to the correlated color temperature (CCT), i.e. the temperature of a black body radiator
emitting white light. With a CCT of 270@000K light is considered warm white while a CCT of
5000 6000K corresponds toool white light.

Due to the luminous flux being weighted with the human eye's sensitivity to diffeagatengthsa
maximum in luminous efficacy of 68&/W is attainable with green lighe£& 555nm). The human
eyebs sensitivi tsjyfundiongeachiegrfronb4@0 ta 7d@ with ilsmiaximum in
the green spectral are@mission profiles of lightources need to be adapted to this cfwvgainng
optimum efficiency and additionally they have taontain all colors of the visible spewtm for
sufficiently large CRI valuesThe future challenge is to develop a LED wibioth, high efficiency and
excellentcolor rendering

In LED packageseveral methods to obtain white light that comprises the whole visible spectrum
are usedin general, white light is generated &gditive color mixing. Tie simplestmethod ishe use
of three individualmonochromatidblue, yellowgreen and redliodes This solutionprovides only
insufficient color renifion as well as poor longme stability and intensity In contrast, the
combinationof a monochromatic, large band gap semiconducEi andlight convertingphosphor
materialspromises high illumination grae quality and energy efficiencyFigurel demonstrates the
schematic setup of ehpsphorconvered LED. A high energ nUV (near ultravioletfo blue emitting
LED is thefoundationin color-convered LEDs; threestandardnethodscan be distinguished:

1. Blue LEDwith a yellowgreen phosphor (1HcED)
2. Blue LED with yellowgreen anarangered phospha(2pcLED)
3. nUV LED with blue, yellowgreen and oranged phospha(RGB pcLED)

The accessible maximum CRI values increase from methidgisak more regions of thasible
spectrum are represented. Mydtiosphor pd.EDs using a blue LED to exciteelfjow-greenand
orangered phosphors give the best results in color rendering combined with high luminous efficacy.
The excellent color rendition of a fedbnversion LEOs accompanied by the loss of energy efficiency
due to the use of a higgnergy UVCLED, and the repeated conversion of energy by the sequence

towards greetyellow and finally orangeed emission.
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1pc-LED 2pc-LED  RGB pc-LED

n-electrode

p-electrode

Figure 1. Schematic setup of dlip-chip pc-LED. Yellow-green, orangeed andor blue phosphors cover a

nUV or blue emitting primary LE@ndwhite light is obtained bgnergydown-convesion®°

A prerequisite fothe development aoivhite pcLEDs was thedevelopmenof highly efficient UV-
blue semiconductor LEDhis challenging invention was mainly accomplished by the wotkasfiu
Akasakj Hiroshi Amanoand Shuji Nakamuraln 2014, theywere rewarded with the Nobéd®rize in
P hy s i ¢he inverdgion offefficient bluaght-emittingdiodes which has enabled bright and energy
saving white light sourcés’ The emission color of a semiconductor LED is directly dependent on the
ma t e rband dap size. Fdtigh-enery blue emission directband gamf & 3.4 eV is required? A
large band gap material was found with the development ahg rdoped GaNLight is emitted
upon applying a voltagen p- and ndoped semiconductor layerAs a esult of the applied voltage,
electronhole pairs are formed that emit photons during recombingtianthe efficiengeneratiorof
blue light with GaN,three major challenges had to ls®lved growth of high quality GaNsingle
crystals identifying a suitabledopant for the acceptanaterial and increasing the emission intensfty
In 1986,Isamu Akasakand Hiroshi Amanosucceeded isynthesiing high quality GaN crystals by
Metalorganic Vapor Phee Epitaxy (MOVPEJ? Suitable pdoped acceptormaterials have been
deweloped by dopingf GaN with Mg or Zn.The first step to successiploptimizing efficiency was
accomplishedy Nakamura who observedhatthe annealing of Mgdoped GaN leads to the reduction
of hydrogen complexes and therefore activation of the materiaring the defect concentratioh
With the development of a bltemitting InGaN/AlGaN double heterojuncti@xhibiting a quantum
efficiency of 2.7% the technologicabreakthroughwas achieved byakamura This allowed for
development of white pc-LEDs, applying energyconverting phosphorson the surface of blue
semiconductor primary LE&o generate lightoveing the entire visike spetrum*®

A numberof different solidstate compound groups are availai¢ephosphor materialeach with
specific advantages and drawbackit all compounds share themse physical principleFor
obtaining luminescence it is necessdryintroducepoint defects ito an optical transparennaterial
the host. These defects are obtainedheyprecisencorporation of an activatonto the host material

As a result, a prephor allows conversion of photenergy Four different steps are necessary to gain
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visible emissionby a phosphgrand are visualized ithe configurationalcoordinate diagram in

Figure2:**

Absorption ofa high energy phon
Excitation of an electron within the activat®@nter to form an excited state
Vibrational relaxatiorof the excited state

A w DN PR

Relaxation to the ground state hyission of a lower energy photon

|

Emission

Figure 2. Configurational coordinate diagram of an activatorwith broadband emission Excitation of an
electran uponabsorptionof a photon (blue lineyibrationalrelaxation of the excited statemission of a photon
(red line) with lower energy due the Stolghéft, and relaxation to the ground statds the activatdrligand

distancet®

In pcLEDs, the energy absorbed by the phosphor is provided by enigry photons ofa blue
InGaN LED. This absorption and emissigirocess is called photoluminescen®aly few activators
allow absorption olUV or blue light accompanied bsubsequenémission in the visiblspectrum
Important activator elements are transition metals, such 45 and rare eart(iRE) elements, e.g.,
Ce*, EY or EU*."*® The emission color of a phosphor is strongly dependent on the type of the
incorporated activator as well as the host mateAativators can be classified in two groups,
exhibiting either line emission doroadand emission. Mfi and Ed* are assigned tthe first group,
as emission is observed hwrsitions of paritfforbiddendid or fif transitions respectively Eu*'-
doped phosphorsé emission is only fromgishidldngn t he

effects of unoccupieddlevels reducehte influence of the ligand fieldn the f-states Consequently
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the emissioris largely unaffected by the host materMh**-emission is influenced by the crystal field

splitting, and several emission lines are observed, often in the red spectraftgion.

A Free ion
T S F
4154 \
N Crystal field
\\ o —
Nephelauxetic .. R —
effect (covalency) —— - . _ Stokes-Shift
4fn

88

72
Figure 3. Excitation and emission processn Eu?- and Ce*-doped bandemitting phosphors. Major
influences 6 the activator coordination are display&citation is indicated by bBlue arrow, emissioby a red

arrow?®

Cée" and EG* cause broadband emission due to overlapping energy levels, a large number of
allowed transitions and the direct influence of the vibrating activator coordination. At the same time,
Cée*- and Ed*-doped phosphors show strong absorption in the blue spact@land therefore are
highly excitable by blue light. A photon emitted by the blue LED is used to excite an electron from the
4f ground state to an excitedl State. The subsequent relaxation, e.g., ifi-Baped phosphors is a
parity allowed 4°('F)5d'Y 4f “(®S;),) transition with intense emission. While #doped phosphors
with a single activator site usually show one emission maximuri-dd@ed materials have two
emission maximalue to a split ground state. The energetic distance between thel éxicitimte and
the ground state determines the emitted color and is directly dependent on the host material. Three
major influences on the energetic level of thik shate can be distinguished and are displayed in
Figure3. The first effect strongly dependa the bonding character of the activator ion and its ligands.
This nephelauxetic effect is the foundation for the energetic decrease with increasing covalent
character of the bond. A more ionic bonding character results in an energetically incikésesl. 5
Consequently the replacement of O by N leads teshéfted emission. While oxides usually emit in
the blue to yellow range, red emission is accessible in nitride compounds. The second effect is the
influence of the crystal field on the splitting thfe 5 energy states that is directly dependent on the
l' igand field strength around the activator site
Stokesshift is the energetic difference between absorption and emission maximum and strongly
depends on the host materials vibrational rigidity. Hence, the use of broadband emitters allows the
adaption of the emission color by choosing a suitable host material to any point of the visible

spectrum.Therefore, dopants such as®Cand EG" are oftenintroduced in fghly condensed solid
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state host materials that are of high importance for the development of highly efficient, illumination
grade white pd.EDs?

The most commdy used material in ptEDs with a single phosphailpcLED) is YAG:Ce
(Y3Al50,,:Ce™), a broaeband emitting yellow phosphor. As red specprarts are not contained in the
emission of YAG:Cea 1pcLED has a rather hig€CT andonly a CR <80 is obtained.To gain
increased CRI values, remissionneed to be addedby complementey phosphors, leading to the
development of 2ptEDs. First red phosphor materialere based on Etrdoped metal sulfidethat
show only poor chemical stability against hydrolysis. More stable red emitting materials are highly
condensed Eirdoped nitridesTwo of the most important nitride red emitters are (Ba;SENg:EU?*
(BSSNE)and(SrCa)AISiN3:EL?* (SCASN)?™ Both show excellent chemical and thermal stability, a
large band gap and high quantum efficiency (Qfith these phosphorsolor renderingexceeding
CRI valuesof 80190 is possible A drawback ofsuchbroadbandedemitting materials witha full
width at half maximum fwhm) of the emission ban#80 nm (>2000cm?) is decreased luminous
efficacy, as fggnificant shares of the light are emitted in the «w@ible infrared. Another interesting
red-emitting phosphor is ¥SiFs:Mn** (KSF), but poor stability, strong concentration quenching, and a
long decay time limit possible applicatioRs.

The next step in phosphor development is the investigation of new host materials that allow
emission withlimited emission band widtfor increased luminous efficac@ptimum emission of an
orangered phosphois foundin a spectral area around 68®& with fwhm of approximately 50m
(<1200cm"). This would reduce the emission in the IR to a minimum and increase the overall
luminous efficacyof the LED by up to 30%Promisirg materials have been developed3mphmiechen
andPuston the field of nitridosilicates andluminates. Several compounds, crystallizing in the highly
symmetric UCfC,-type or derived structure typedNa[LizSiO, or Cs[NaPbQy], have been
investigated. Tasenovel compounds ardE[MgsSiN,] (AE = Cd Ba), AE[Mg.,AI,N,] (AE = Cd Ba)
and AE[LiAl 3N, (AE = Ca,Sr)'"?! So far, Sr[MgsSiN,]:Eu?* (SMS)is theoverall most narrowband
emitting red phosphor with maximum emission at 6% with fwhm of only 43nm (1170cm b).
Nevertheless, uk to a small band gap and therefore strong thermal quenching at room temperature,
application is not intendedhe mostpromisingphosphoffor application isnarrowband red emitting
Sr{LiAl sN,J:Eu?* (SLA) with an emission maximum at 65 with fwhmof 1180cm * It was shown
that an increase ofi42% of luminous efficacicompared to commercial high CRI LERsn be
expectedby application of SLA* Therefore, the development and addition of excellent nabanvd
red emitting phosphors hassgnificantinfluenceon the improvemenbf LED light quality gaining
CRI values>90.

For furtherincreasing the CRI of blue excited-pEDs an additionathallenge isthe develogment
of cyan emittingphosphors in the area around #900nm. Missing emission between the blue
primary LED and the broadband gregllow phosphor, the scalled cyan gap, limitshe color

renditiondue to poor rendering of cyan shad&se most promising phosphor with cyan emission is
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BaSpO,N,:Eu* (Ba222, &, = 495nm, fwhm = 35nm), but due to their layered structure,
MSi,O,N,:EL?* (M = Céd Ba) phosphors exhibit only poor thermal and chemical stabiffify.

LEDs with improved color point stability, excellent color rendition and high color rendering can be
obtainedby development oRGB pcLEDs. Efficiency and light qualityis limited in 2g-LEDs due
blue overshooti.e. wasted energy otfhe intense blue primargnd insufficient color point stability
These challenges can bddressedby the combination o& nUV emitting primary LED with highly
efficient narrowband emitting phosphorsn the bluécyan and orangered spectral regionand a
broademitting yellowi green phosphorNevertheless, several issuesed to besolvad for the
development of an efficielRGB pc-LED. Since he emission ohUV primary LEDs is very close to
the emission of a required blue phosphestrictionsare imposedn the development of a suitable
highly efficient blue phosphoAdditionally, when exciting with a high energy primary, the Stokes
loss from dowrconverson reduces the overall efficiency of tHRGB pc-LED.** The optimum
emission wavelength of a nUV primaigyr gainng maximum efficacy with a standard current density
of 35A/cn? is 425nm, compared to a standard 4d blue LED.In the optimum case, excitation
peaks of W phosphorsshould match the LED emission peak, with no absorption of longer
wavelengtls (re-absorpion).**

Four of the most interestingarrowbandblue emitting phosphors for application with nUV LEDs
are BasMgSi,Os:ELF* (BMSO), (CaSrBa),o(POy)eCl:ELF* (SCAP), BaMgAl,0,7Eu”* (BAM) and
LiCaPQ:EU** (LCP), emitting between 438m to 475nm, with emissiorfwhmof 30i 60 nm.*** For
covering the yellowgreen spectral range RGB pcLEDs, phosphors with improved absorption in the
nUV range compared to YAG:Ceearequired Interesting materials are oxonitridosilicates, such as
BaSLO,N,:EU** andSi, 2488 7551,0,N,:ELF* with tunable emission from 49%m to 565nm, as well as
orthosilicates ((Ca,Sr,Ba)®):EL*").?? The optimumchoice of a red eitter is the same for 2p@and
RGB p-LEDs. BSSNE andSCASN as well as SLA are adequagel emitterswhile better options
with efficient narrowband emission around 68n still need to be developetihe biggest challenge
of future phosphor researdb the elimination of seffand reabsorption effets in suchbroadband
emitting phosphorswith EU** and Cé&*. Currently, there aralsono efficient, suitable red emitting
phosphors based on trivaleRE activators, such as Eif* An appropriate phosphor choida
conversion solutionsnight be KSF, as less lumen loss compared to broadband red phosphors
obtained, but ve big disadvantagef Mn**-doped phosphoiis their long radiative lietime?*

As stated above, various solutions of phosgtwvered LEDs can be applied to improve light
quality and energy efficiency in geral lighting. Similar methodsan also be deployedn other
lighting applications 2pcLEDs based or'Y AG:Ce and aed phosphor§SCASN or KSk are applied
e.g., in background lit LCDs.These displays can cover all colors contained @ color gamut
determined by the position of the bjued andgreensharesn a CIE (Commission Internationale de
| & £ c |) diagrarg®Fer display technology the gammuteds to be adaptedsgpecific standards (for

instance the National Television Standard Committee (NTSC), CIE 1B8f)ncreaing the color
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gamutespecially in lhe green sgctral region where the humaye is most sensitivgnd allow the
perceptionof morecolor shadesgreen phosphors with narrdsand emission are required.widely
used material in such LEDs BSIAION:EW?*, emitting at 525 m with fwhm of 50nm but low
absorption in the blue spectral regfoRequirements for novel narreband green phosphors are
emission between 58835nm andiwhmof about 5ahm.*"?®

Summarizing, narrovwand enitting phosphors of all colors are subject of worldwide research
becausdhey are required for the improvementpafLEDs for diverse applicationdlany promising
compounds have been developmd the base of doped oxand nitridosilicate structurefRecent
results suggest that speciftructural propertieof these compoundhave alarge influence on
electronicand emissiormproperties This allows the straightforward investigation of nokef* doped
compounds témprove luminescence propertiasd obtai efficient narrowband emission.

Several requirements are derived &fficient narrowband emission A large band gap, as the
excited Eu5d state should have a sufficient distance to the conduction band K@) thermal
stability, asstrong thermal quenching due to thelijnaxcited electrons to the CEBuperior chemical
stability i.e. against hydrolysis or thermal degradation, to provide -timg stability. Emission
characteristicof a phosphor directly deperah its characteristiabsorption bands, as the absorbed
photon is reemitted with lower energy due to the Stolh#t. For narrowband emission it is of
uttermost imprtance to minimize the Stokssift that is directly dependent on lattice vibratiGh#\
large Stokeshift again increases the emission band widtbirect influence is given by activator
ligand distancessymmetry of the activator coordinatiochange of the size of the excitadtivator,
and network rigidity.

Novel materialsvith a chemically and thernigilstable, rigid crystal structungith a high degree of
condensatiormnda highly symmetrially coordinated activator sitere ofstronginterest in phosphor
researchOxo- and nitridsilicates as well assubstitutionalvariantsare highlyinterestingphosphor
materialsdue to their chemicathermaland electronic properti€S.

The compound class of silicates offers tremendousrsityeof crystal structures due to the
variability of SiQ-tetrahedra linking.The etrahedraare connected by common oxygen a®rio
manifold anionic building units Depending ontheir building unit, #icates can be divided in
categories structuresconsisting of noncondensedSiO,-tetrahedraor rings, chains or layers of
condense®iO,-tetrahedra as well as thrdemensional networksan be distinguished he degree of
condensatiom is a value forthe molarratio of Si:0.***" The lowest value 06 = 0.25corresponds to
noncondensedetrahedrathe highest value is obtained the binary compoundSiO, (8 = 0.5).
Nevertheless, he structural variety in silicates mited. In oxosilicatesO can only be bound
terminally toSi (O™) or simply bridgetwo Si atoms ©?). Additionally, the connectivity of SiQ
tetrahedra is limited tdridging vertices.Connection ofSiO, tetrahedra by common edges or even
faces isusually not observedue to the strongepulsion ofthe highly charged $f cations.One

possibility to overcome thestructurallimits is thecomplete or partiadxchange of @y N, leading to
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the materials class of (oxo)nitridosilicate$he tetralkdral coordination of Si by the more
electronegative N increases the covalence of tHigg&id bond and therefore tis# N distance This
allows treefold N¥' and even fourfold ammoniutype N* coordination and the connection of
tetrahedra by commordges A well knownexampledisplayed in Figurd is Ba,SisNg, consisting ofa
network with N and N? atoms® An additionally increased structural variety mccesible by
exchangeof Si by various cationsThe most prominent example is thebstitutionof Si*" by AI*,
leading to the class of (nitrido)alumosilicatélse SIAIONs Recent experimentdemonstratedhat
substitutionof Si by, e.g., Li', Mg?*, G&", G&" andP** givesaccess tmovel crystal suctures such
as above described SL¢&kigure4) and SMS as well ad.i,Ca[Mg,Si:Ng], Mg:GaN;, Ba[Mg:GeNy],
or BagPsN,Br.}"192:303%40 Thig a|s0 allowdo increag the maximum degree of condensatiarhen
extending theatomicratio toT[“]:(O,N) (T = Li,Mg,Al,Si,etc.) In nitridosilicates, the maximum value
is @ = 0.75for SisN4, while the substitution of Si alloweven larger value®.g, in S[Mgs;SiN, and
Sr[LiAl 3N4] with o = 1.

Figure 4. Highly condensed networksof nitridometallates. Left: BaSisNg along [010];Ba atoms: black; SiN

tetrahedra: dark and light gragight: Sr[LiAl 3N4] along [011; Sr atomsblack; AIN, tetrahedralark gray;LiN4
21,32

tetrahedrdight gray.

Another interestingelementfor substitution oftetrahedrally coordinate8i is the lightest alkaline
earth elementBe. A similar ionic radiusd 0.3A like Si**, and compared to Mgincreased
electronegativity opens up possibilities fbe formation ofstable, rigid network structuresith large
band gapsuitable for development of narrdvand emitting phosphars

For example,tte mineraberyl BesAl,[SigO:¢] usually described as hexacyclosilicatentainsBe in
a distorted tetrahedral coordinatinFurther substitutional variantaere already descrigd by
Liebau® Yet, only few artificial oxe and nitridobeyllates have been investigated Be dusts are
toxic andacawmulatein the human bodyausing cancer and berylliosislowadays, hazardare
minimized by working in closed containers, such as glowees, allowing theafecharacterization of

beryllate compoundsin contrast to other alkaline earth oxides, BeO afiizes in thewurtzite
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structure type and is therefore isotypic to AfNAt very high pressures, a transitionwiirtzitetype
BeO to thezincblendetype is predicted® UBe;N, is isotypic to MgN, andcrystallizes in the cubic
anti-bixbyite structure typelt transformsto a hexagonahigh temperatureéb-modification above
1400°C.***® Only few ternary leryllates and nitridoberyllatentaining either a second alkaline earth
metal or aothernetwork element such as Si or Al, have been investig&ied.sobery] Al,BeQ,,
with Be in tetrahedral and Al in octahedral coordination, iglaminum oxoberyllate In phenakite
Be,Si0,, BeQ, and SiQ tetrahedra form a highly condensed netwdfR. The only known alkaline
earth beryllates ar€a;,Be;;0O,9 With a Zeolithelike structure SrBeO, with a 3D network structure
and BaBesOg with a chain structur&®! Particularly notable are the two different coordination
spheres of Be in these compounts.addition to tetrahedrally oordinated Be trigonal planarly
coordinated Be is observed as wéllirtherknown nitride compounds arBeSiN, and LiBeN.While
BeSiN, crystallizs as a substitutional variant of theurtzite structure typg? LiBeN consists of a
network of LiNs-tetrahedra and trigonal planar Bedhits> The compound&\E[Be,N;] (AE = Mg

Ba) are the only known nitridoberyllaté5s>* The beryllium nitridophosphat&eP.N, with phenakite
structurewasobserved bKarau.>®

Luminescent oxo and nitridoberyllates could be of high interest for application iFLEDs.
Extremely rigid networks with degree of condensatiaQL are accessible, promising ultra narrow
band emissions is expected to reach valuap to1, e.g., in binary BeO and3lin Be&N,. This is
possible due to the low formal charge of Bandthe small ionradiuscomparable to $i. At the same
time, large band gap materials with high chemical and thermal stability are expected, similar to
silicates.

This thesis focuses on the development of novel nab@wd emitting phosphors throughout the
entirevisible spectrumNext to fundanental technology barriers, such as current efficiency droop, and
the efficiency gap of green LEDs, a major goal is the development of highly efficient, Azanulv
emitting phosphors as dovaonversion materiafsNarrowband red to orange as well as blue to cyan
phosphors with a small Stokesift are requiredfor increasingenergy efficimcy and further
improving light quality and longime stability of peLEDs. Novel compounds based on
nitrido(alumo)silicate structures as well as oaad nitridoberyllates have been synthesizedthad
luminescence propertieharacterizedAdditionally, ft-X-ray synchrotron invetigationshave been
applied for a detailed electronicexamination of narroviband emitting phosphors.Analytic and
syntheticresults help to understand the relationaophosphor host lattice anils characteristic,

narrowband luminescender more efficent peLEDs.
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Abstract. EU*- as well as CE- ——
doped Ba[Li(Al.Si;)Neg] and its
related Mgsubstituted compounds
Ba[(MgayLix) (Al 4xSi)Ne:EU”" (x = 7
0r2) with x = 1.6, 1.8 have been
synthesized by metathesis reactions

in tantalum ampules. Crysta
structures were solved and refine
from singlecrystal Xray diffraction
data. All three compounds crystallize in tetragonal space gf#/pcc (no. 130) Z = 4,
Ba[Li,(Al,Si)Ng:EU”": a = 7.8282(4),c = 9.9557(5) A,R1 =0.0144,wR2 = 0.0366). Their crystal
structures, exhibiting the novel framework topologyj, consist of a highly condensed anionic
tetrahedra network of disordered (Li/Mg)Bnd (Al/Si)N, units connected to each other by common
edges and corners. The degree of condensation (i.e., atomic ratio (Al,Li,Mg,Si:N)lisThe B&'-
position is coordinated eighold by N*¥ in form of a truncated square pyramid. Upon doping with
Eu”*, narrowband emission in the green to yellow spectral range is obsesggd: (532 562nm,
fwhmx 1962 cn¥'). Ce*-doped crystals of Ba[kfAl ,Si,)Ng] show blue emissioreg,= 468; 507nm).
According to the tunability of the narrelband green emission, application LED-backlight liquid

crystal displays appears promising.



16 2 Nitrido(alumo,litho,magneso)silicatéHost Lattices for Narrovband Emitting Phosphors

2.1.1 Introduction

The quest for even thinner and lighter modern {aghtrast LCDs (liquid crystal displays) with
applications in televisions and portable devices demands replacement of commaoratbolde
fluorescent lamps (CCFLs) with solidate LEDs (lighemitting diodes}:? Highly efficient phosphor
converted (pgLEDs combine very desirable properties such as fast switching time anurdjras
well as no turron delay. They allow construction of flat displays and are environmentally friendly,
showing low energy consumptidn.

PcLEDs currently used in LCDs consist of highly efficient beraitting (In,Ga)NLEDs and the
yellow emitting phosphor ¥.GdAl 5-,-.-yGa/012:Ce3+ (YAG:Ce). To improve emission quality, red and
green luminophors are discussed to replace this Hraad yellow phosphdrExploiting narrowband
emitting uminescent materials reduces LED emission that needs to be excluded by filters. To achieve
a brilliant image with high color saturation, narrtsand emission especially in the green spectral
region is mandatoryThis leads to a huge demand for innovative nafoawd green and red emitting
luminescent materials. Recently, we have reported on next generaficdopad narrowband red
emitting phosphors, the nitridolithoaluminate Sr[LiMiJ:Eu** (SLA) and the nitridomagnesosilicate
Sr{MgsSiN]:Eu?* (SMS). SLA shows narrodsand emission at 650 nm witlvhm (full width at half
maximum) of D1180 cm' (D50 nm); SMS exhibits even narrower emission witthm of only
1170cm* (D4 3 nhw 615%nm):® Examples for green Eliphosphors are (Ba,$8i0,;EW* and
the oxonitridosilicate Sr8D,N,:EL*. The latter exhibits an emission maximum of 535 nm wvithm
D2600 cm'®'® b-SIAION:EW?* is currently the most promising green phosphor for backlighting
applications in higlgamut displays. It shows emission at 280 nm fwhmD1760 cm'). However,
its external quantum efficiency is limited (EQE < 70%) due to relatively low absorption in the blue
spectral region compared to other phosphors (e.g., (BRISPEUY E QE & '8?Yéh)there is a
lack of Ed*-doped nitrides with sufficient green emission peaking ai 53®nm withfwhmD50 nm
and high EQE > 80%. To improve color saturation, theadisry of green phosphors that meet the
requirements mentioned is of high relevance.

In this contribution, we describe syntheses and characterization of the
nitridolitho(magnes@lumosilicates Ba[(MgyLi)(Al4xSik)Ng] (x = 0i 2) with x = 1.6, 1.8, and 2.0.

The respective Elrdoped materials show promising luminescence properties in the green to yellow
region of the visible spectrum under blue light irradiation, which makes phemising candidates for

implementation in white ptEDs for LCD backlighting applicatior's.
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2.1.2 Experimental Section

2.1.2.1 Synthesis

All experiments were carried out in argbiled glove boxes (Unilab, MBraun, Garching,, O
<1 ppm, HO <1 ppm) and in dried Schlertigpe glassware connected to a vacuum liné3(dbar).
Argon (5.0, Air Liquide) was cleaned Isgreaming through columns filled with silica gel (Merck),
molecular s ve ( Fl uka, 4 i85%), REO(HR o(t BB8L), @fd, titanlDm sponge
(Johnsen Matthey, 99.5%, at 700 °C). The synthesis of single crystals was achieved-btatsolid
metathesisn sealed tantalum ampules. ?=doped Ba[Li(Al,Si,)Ng ([1]) was synthesized using
BaF, (0.10 mmol, 17.5 mg; Sigmaldrich, 99.99%), Alk (0.20 mmol, 16.8 mg; Sigmaldrich,
99. 99%) .0 A(SA.(2NH)mmo | 11.6 mg; syntahgestalfand accor
LiN5 (0.20 mmol, 9.8 mg; synthesized according to the method by Fair tfb).the synthesis of
Ba[(Mgo2Li1)(Al2SiLgNe:EW" ([2]) and Ba[(Mg.dLi1e)(Al2sSiLgNe:EW" ([3]), the precursors
A BWdIgsNF0 (0. 08 mmol 50.1 mg, synthesi z@dmaby r ea
Aldrich, 99.99%) and onesquivalent of MgN, (SigmaAldrich, 99.5%) at 950 °C for 12 h),
ASi INHf O. 16 mmol 5 (0.08 .mfol, 8. )ng; SignAlrich, 99.99%), and Likl
(0.16mmol, 7.8 mg) were selected as starting materials. Fordeping, Euk (1i 2 mol %) (Sigma
Aldrich, 99.99%) was employed. The reactants were ground in an agate mortar and filled into the
reaction vessel. Li pieces (1.00 mmol, 6.9 mg; Alfa Aesar, 99.9%) were added as fluxing agent. The
Ta-crucible was welded shut by the TIGuffgsten Inert Gas Welding) methbdThe ampule was
watercooled during welding to avoid uncontrolled reaction of the reactants. The vessel was placed in
a silica tube and heated in a tube fumafter evacuation. The following temperature program was
carried out: heating to 950 °C within 3 h, maintaining temperature for 24 h, and cooling to 500 °C in

60 h. The crucible was finally cooled down to room temperature.

2.1.2.2 X-ray Spectroscopy

Ev”*-doped amples of 1i 3] were investigated by energijspersive Xray spectroscopy (EDX) to
identify the chemical composition. With a JS9800 scanning electron microscope (SEM, JEOL),
containing a Si/Li EDX detector (Oxford Instruments, model 7418), a numbeysialtites and bulk

samples were probed.

2.1.2.3 Single-Crystal Diffraction

Ew”*-doped crystals ofif 3] were selected and sealed in glass capillaries. The crystal quality was
examined on a Buerger precession camesayXdiffraction data were collected on a Beuld8 Quest
diffractometer with microfocus and a Bruker D8 Venture diffractometer with rotating anode,
respectively. Both devices operate with graphite monochromator arick Weadiation 6 =
0.071073R). An absorption correction was executed with SADABSN the crystal structures were
solved by Direct Methasl (SHELXSJ’ and refined by fulmatrix leastsquares methods
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(SHELXL)."®® Euv** was disregarded for structure determination. Because of its low content, the
contribution to the scattering density is insignificahie (Al,Si) network was further investigated
with TOPOS, which is a program package for topological analysis of crystal strutures.

Further details of the crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggendteopddshafen, Germany (Fax, (+49)7247
808 666; email, crysdata@fikarlsruhe.de) upon quoting the depository numbers -C3IB72
(Ba[Li(Al,Si)Ng]), CSD-429873 (Ba[(MgLi1g)(Al22Siig)Ng], and CSDB429874
(Ba[(Mgo.aLi1.6) (Al 2.4Si1.6)Ne]).

2.1.2.4 Powder Xray Diffraction

The structural model obtained from singigstal data was verified from powderrdy data with the
TOPAS Academic 4.1 packageA sample of Efi-doped [L] was measured in a sealed capillary on a
STOE STADI P diffractometer (GiKU, radiation, Ge(111) monochromator, Mythen1K detector) in
Debyd Scherrer geometry. Refinement was carried out with the Rietveld method by applying the
fundamental parameters approach (direct convolution of source emission profiles, axial instrument
contribuions, crystallite size, and microstrain effects). Capillary absorption correction (inner diameter

0.08 mm) was carried out using the calculated absorption coeffiéfént.

2.1.2.5 H,0-Sorption
Water vapor sorption measurements dh fere performed with a Quantachrome Intrument
Autosorb 1Q with vapor option at 288 K. Water in Millipore quality was degassed for fnmauo

before use. The temperature was controlled by a thermostat using water as coolant.

2.1.2.6 UVvis Spectroscopy

A reflectance spectrum of BEudoped ] was recorded on an Edinburgh Photonics FLS920
spectrometer using a Xe900 450 W arclamp (single phattotanultiplier detector, Czernyurner
monochromator with triple grating turret). The spectrum was obtained between 230 and 780 nm with
5nm step size. A reflectance spectrum of Ba$S@s used as reference to calculate the sample
absorption from the differenda the reflectance of sample and reference. The QE is given as the
quotient of sample emission and absorption. The band gap bfd&ped ] was derived from
UV/vis-reflectance data by drawing two line tangents to the slope of the reflectance curpeinthe

of intersection of the tangents is the value of the band gap.

2.1.2.7 Luminescence

Ev”*-doped samples ofi{ 3] as well as C&-doped [] were investigated. A HORIBA Fluoromax4
spectrofluorimeter system, attached via optical fibers to an Olympus BX51 microscope, was used. The
samples were measured inside glass capillaries. The spectral width of the excitation wavelength at 420
or 450 nm, espectively, was 10 nm. Emission spectra were captured with 2 nm step size in a

wavelength range between 450 and 800 nm. Excitation spectra were obtained with a monitoring
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wavelength of 480 nm 1J:Ce*), 540 nm (LJ:Eu®"), or 550 nm @]:Eu**, [3]:EU?"). The thermal
quenching performance oflJJEU”" was investigated with an AvaSp2048 Spectrometer. For
excitation, a LED light source (450 nm) was used. Samples were measured in a temperature range
from RTi 330 °C with a step size @24 °C, heated with arRllamp

2.1.3 Results and Discussion

2.1.3.1 Synthesis and Chemical Analysis

Greenish crystallites of 1:Eu** with strong green luminescence under blue irradiation were
obtained. By adding Mg to the reaction mixture, green to yellowish crystalliteg]:&ui" and
yellowish crystallites of3]:Eu?* were synthesized. A &edoped sample ofl] showed blue emission.
Crystallites of each compound were isolated and investigated by -siygtal Xray diffraction.
Elemental analysis on single crystals using EDX spectrosgapg an atomic ratio Ba:Al:Si:N of
1:2:2.2:7.9 for 1], a ratio Ba:Mg:Al:Si:N of 1:0.2:2.3:2.1:11 foR], and of 1:0.3:2:1.8:7.9 fol3[. No
further elements were detected.

2.1.3.2 Crystal Structure Determination

Crystallites of Li 3] were investigated by singlaystal Xray diffraction. All three compounds
crystallize in tetragonal space groBg/ncc (no. 130). Details of the structure solution and refinement
are given inTable 1 Atomic coordinates and isotropic displacement parameterdjfardg shown in
Table 2 Atomic coordinates and isotropic displacement parameters2foarid [B] as well as
anisotropic displacement parameters and selected bond lengths for all three compounds are listed in
the Supporting Informatior{Tables S1S3). Figure Slillustrates the anisotropic refinement of each

crystallographic atom position.

Figure 1. Crystal structure of Ba[L{Al,Si;)N¢], (Al,Si)N4-tetrahedra (orange), Li (violet), Ba (red); (a) viewing
direction [010]; (b) viewing direction [001].
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2.1.3.3 Crystal StructureDescription

As a member of the solisblution series Ba[(MghLi)(Al4xSi)Ne] (X = G 2), the structure of the
end member Ba[L{Al,Si;)Ng] is described representatively. The crystal structure is built up from
corner and edgesharing (Al,Si)N-tetrahedrawith a statistical distribution of Al and St*. The
tetrahedra form twaierer ring layers, which are opposed to each other in [100] direction and are
connected by common cornefBigure 1.%**> Two types ofvierer ring channels are built running
along [001]. Smallewierer ring channels of (Al,Si)l tetrahedra are connected to eat¢heo by
common corners in an ugown sequence. Largetierer ring channels consist of equally aligned
(Al,Si)N, tetrahedra. (Al,SiN bond lengths range from 1.75{@)83(2) A at an average of 1.9
The averaged sum of the ionic radii according to Baurfdund to be 1.82 A Further
nitridoalumosilicates with a mixed occupation of jifdtrahedra (T = Al,Si) show comparable bond
lengths TN of 1.81 A (CaAISiN).?"? For BaAlSisNs, avalue of 1.80 A was found.

TOPOS analysis of the (Al,Si) network revealed the first representative of an only theoretically
calculated tetragonal FischKoch sphere packing (symbathj) that hasot been observed y&tin

this framework, the tetrahedral centefgshe network build tetrahedra on their oviigure 3.

Figure 2. Network typology whj, built of (Al,Si)Ns-tetrahedra (tetrahedra centers orange), viewing direction
[010].

The smallewierer ring channels are centered by Litétrahedra. It was founithat Li can partially
be substituted by Mg, while because of electroneutrality, thmoAlent is increased, and-Q&intent is
decreased. Since the-position is also in a tetrahedral coordination, it can be considered being part of

the network. Resultimp [1] can thus be classified as a nitridolithoalumosiliéaehe degree of
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condensation (i.e., atomic ratio (Si,Al,Li,Mg):N) of this network is found t@ bel. This high value

is comparable to recently reported nitridoaluminates emilicates crystallizing in the UQE,-
structuretype and their vaants. The LiN tetrahedra are linked to each other by common edges
forming bowtie units of LpNg, which have not been observed as yet in nitridosilicates. These units are
connected to form a tetragonalMi,-bisphenoid inside the smalleiererring chamels Figure3).

The bond lengths LN are in a range of 2.14({4).30(2) A and slightly extended compared to the
averaged sum of the ionic radii (2.08 &)n general, the Li bond lengths are in the same range as
found for other Licontaining nitridosilicate$*"® Because of the edgharing of the bovtie units,
the corresponding LLi distances are comparatively short (2.59(1) A). A similar observation was
reported for SNg bowtie units****%* The largervierer ring channels are exclusively centered by
Ba®*, which is eightfold coordinated by f. A truncated square pyramid results as coordination
polyhedron, where base and deck areas are rotat®bbyThe polyhedra are staggera@dng [001]
and connected to each other by common corners in [100] direction. Every secontkdrsuere
pyramid is rotated by 40° against its neighbor pyramid to fit between the layers of opposed {Al,Si)N
tetrahedra. The B&l bond lengths are in an order of 2.93@)L0(9) A. The medium range matches
well with the sum of the ionic radii of 3.05.2& Ba[Mg;SiN,] and Ba,AlSisNs, also containing Bain
eightfold coordinaton by R, show B&aN bond lengths comparable to this
nitridolithoalumosilicate” Increasing Mecontent in the soligolution series
Ba[(Mg...Li) (Al 4xSik)Ng] (X = Gi 2) causes increasing lattice paraens.

However, nitridosilicates with a mixed occupation of tetrahedrally coordinatedndi Mg* have
not been reported in the literature. Accordingly, bond lengths in theddtaining compounds are
compared with bonds in (4:Mg>.49N1s3 (LiosiMgo49)N1g3 has (Li,Mg) N bond lengths ranging
from 2.04 2.27 A® that fit well with the observed distances found 3h 2.18(3) A and 2.27(2) A).
Selected bond lenghts are displayedableS3.

Figure 3. (a) Bisphenoidal arranged tetrahedra gNgtunits; (b) truncated square pyramid of BaN
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Table 1. Crystallographic dta  of and

Ba[(Mgo.4Li1.6)(Al 2.4Si1.g)Nel*

Ba[Lb(AlSi)Ne],  Ba[(Mdo.2Li1g)(Al22Si; g)Ng],

BalLi »(Al 2Siz)Ne] ([1])

Ba[(Mgo.2Li1.g)(Al22Si1g)Ne] ([2])

Ba[(Mgo.41i 1.6)(Al2.4Si1 g)Ng] ([3])

formula mass [gnol']

345.42

348.67

351.93

cryst syst tetragonal

space group P4/ncc(no. 130)

cell params [A] a=7.8282(4) a=7.8785(3) a=7.8921(3)
€¢=9.9557(5) €c=9.9833(4) €=9.9948(4)

vol [A3] 610.09(7) 619.67(4) 622.53(4)

formula units/cell 4

X-ray density [gem?] 3.761 3.737 3.755

abs coeff [:7114 7.014 6.993

F(000) 632 638 645

cryst dimensions [mrh
diffractometer

0.050 x 0.040 x 0.020
Bruker D8 Quest

0.137 x 0.081 x 0.051

0.205 x 0.147 x 0.115

Bruker D8 Venture

radiation Moi KU( &0.71073 A)

templ[K] 297 293(2) 293(2)

abs correction Multi-scan

U rangel°] 3.6827.48 3.6627.95 3.6527.97
measured reflns 7512 11696 11776
independent refins 357 [Riny = 0.0424] 382 [Riny = 0.0262] 384 [Riny = 0.0259]
observed reflns 333 366 381
min./max.transmission  0.2825/0.7461 0.5169/0.8210 0.5505/0.7492
refined params 32 32 33

GOF 1.091 1.057 1.070

R indices F,2 O20(F,2)
R indices (all data)

min./max. residual
electron density [e/]

R1=0.0126, wR2 = 0.03(R1 = 0.0181, wR2 = 0.0488
R1 =0.0144, wR2 = 0.03( R1 = 0.0186, wR2 = 0.0494

10.28/0.53

11.20/0.55

R1=0.0169, wR2 = 0.0456
R1=0.0170, wR2 = 0.0456
10.49/0.71

2The e.s.d. values are in parentheses
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2.1.3.4 Powder Xray Diffraction
A bulk sample was further investigated by powderaX diffraction. Rietveld refinement on this
data strongly support the structural model obtained by sorghktal analysis; details are shown in

Figure 4

Intensity
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Figure 4. Rietveld refinement of the structurahodel of Ba[Liy(Al,Si)Ng:EW* (Cu-K § radiation).
Experimental data (black line), calculated pattern (red line), and difference curve (green line); tickmarks: black,

positions of Bragg reflections &a[Li,(Al,Si;)Ng] (unidentified reflections markedith an asterisk).

Table 2.Atomic Coordinates and Isotropic Displacement Parameters of B&[LS$i,)Ng]*

atom (Wyck.) x y z Ueq (R%  sof
Ba (4) 1/4 1/4 0.34015(2 0.0136(11 1
Li (8f) 0.3670(5 0.6330(5 1/4 0.0134(101
Al (16g) 0.1218(8 0.5329(8 0.0825(5) 0.0053(8) 0.5
Si (16) 0.1218(8 0.5329(8 0.0825(5) 0.0053(8) 0.5
N1 (&) 0.5056(3 0.1569(2 0.0429(17 0.0107(4) 1
N2 (16)  0.5963(2 0.4037(2 1/4 0.0123(5) 1

#The e.s.d. values are in parentheses

2.1.3.5H,0-Sorption

H,O-sorption experimentsn [1] and application of the Brunatdd&tmmeti Teller (BET) theory
show no absorption of water by the compouRijyre S2. Water molecules are adsorbed at higher
relative pressure between single particles on their surface. The process of absorptionstis almo
completely reversible; just 1 wt % of water is bound irreversible when the relatigndssure is
lowered at ambient temperature. These experiments demonstrate that the novel

nitridolithoalumosilicate is stable against hydrolysis.

2.1.3.6 UVvis Spectroscopy

A Eu**-doped sample ofl1] was further investigated by UV/vis reflectance spectroscopy to
determine the band gap. The reflectance spectrum otdeped ] (Figure § shows a broad
absorption band around 280 nm with an estimated band dag.6feV, andherefore the excitedds
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state of E€ should have a large distance to the conduction band edge to allow high quantum
efficiency® A large absorption band is detected in the blue to yellgioneof the visible spectrum.

This band is attributed to thef’4to 4f"“5d" absorptions in Ei. First measurements for
morphologically nonoptimized samples of the title compound as well as theoMgining ones
shows a proficient QE d)70%, comparableo that ofb-SIAION:Eu™*

Reflectance / %

PR IS S SN S N TN T SN T N TR SR T SN N S T T S S S S S

300 400 500 600 700
Wavelength / nm

Figure 5. UV/vis reflection spectrum of EtrdopedBalLi»(Al,Si,)Ng] (1 mol % Ed*, nominal composition);
the artifact around 340 nm corresponds to the lamp switch.

2.1.3.7 Luminescence

Compounds Ti 3] only differ slightly in chemical composition of the tetrahedral centers, while
luminescence properties of their respective’ Eioped compounds are strikingly different. It is
assumed that the dopants’Eand Cé&" occupy the eighfold coordinated atom position of Ba

In Figure 6 panel a, excitation and emission spectra YfEL?* are depicted. The excitation
S p e ct knim54Q0 ren) shows absorption in the blue spectral range of the visible spectrum with a
maximum at 395 nm and a strong decrease toward longer wavelengths. Therefore, the
nitridolithoalumosilicate is effectively excitable with UV to blue light as provided, fomgia, by
(In,Ga)NLEDs. Excited in this spectral regiorl]fEU** shows luminescence in the green spectral
range at 532 nm withvhm= 1962 cmi'* (D57 nm, nominal Eicontent 1%). The color codinates
(CIE) arex = 0.30 andy = 0.64. Furthermore, the samplegows a relatively low thermal quenching at
200°C with a relative emission intensity D70% Figure S3.

With the introduction of Mg into the sohsblution series, excitation and emission maxima are
shifted toward longer wavelengths: the excitatgpectra of Eti-doped P] and B] show broad
absorption bands ranging from 4@D0 nm Figure S3. Although the visible luminescences of the
characterized Mgontaining compounds differ in color, green=1.8) versus yellowx(= 1.6), the
emission specr mat ch with only a small di fferen=xe of
400nm) of the compound with lower Mgpntent, P]:Eu®*, shows typical Eti-broadband emission
in the green spectral range. It is centered at 560 nmfwhmof D2654 cm' (nominal Eucontent

D3%). The emission maximum of the samplewth 1. 6 i S S higft4Unmifwtm 5 6 2

n

n



2.1 Narrow-Band Green Entting NitridolithoalumosilicateBa[Li,(Al ,Si,)Ngl: EU**
with Framework Topologyhj for LED/LCD-Backlighting Applications 25

D2739cm'Y). As the maximum emission of][is slightly shifted to the less energetic spectral range,
crystals with yellow body color andrhinescence are obtained. To summarize, decreasingaivty
Al-content shifts the emission toward shorter wavelengths. This effect is potentially influenced by the
lower inductive effect of A in comparison with $i. Therefore, a higher Al ratio is accoamped by

a less distinct nephelauxetic effect.

a) . b)
s 10k
08
3 3
m T 06 [
2 2
g s “r
£ \ £
\
\ 0.2
AN 00k
R BPET RS BPU RS RS SR SRS SRS SRR R | PRRETURT U [T S S T NN S ST ST S N S S T SN N T S S S S S
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650
Wavelength / nm Wavelength / nm

Figure 6. Luminescence characteristics of (afEdoped and (b) G&dopedBa]Li,(Al,Si,)Ng]; excitation (blue

line) and emission (green line) spectra.

On the opposite, the emission maximum of dieracterized compounds is shifted to longer
wavelengths toward yellow emission by an increasingcétent. There are numerous findings on
greenemitting Ed*-doped (oxo)nitride phosphors (skgroductior). In contrast, there are only few
reports on (oxpmitridosilicate phosphors with yellow emission of the respectivé’-&uoped
compounds. One example is, Bay sSihON:ELF* that shows an emission band centered atr65
with fwhmof D2744 cr'.®

CaSAlI;ONysElF* (CaU-SIAION) is another prominent yelloemitting compound. It shows a
typical broad emission band for Ewdoped compounds witfwhm of D2890 cmt', centered at
581 nm 2%

Additionally, a Cé*-dopedsample of the title compound was investigated. Emission was found in
the blue spectral region with two maxima at 468 and 507 Figue @) due to the spirorbit
coupling of the ground states of T&Fs, and*F,,). The excitation spectrum shows a nmanim at
420nm. The blue emitting (oxo)nitridosilicate phosphors LESCe™ ( @ = 424; 458 nm) and
LaSION:Ce" ( & = 416; 456 nm) have been reported in the literditife.n contrast to
Ba[Li,(Al,Si)Ng]:Ce*, their emission maxima are shifted to shorter wavelengths close to the UV

range.
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2.1.4 Conclusion

The nitridolitho(magneso)alumosilicates 1iB] belong to the soligolution series
Ba[(M@..Li)(Al4xSi)Ng] (x = 0i2). The new materials contain a hitherto unknown tetrahedra
network builtup from (Al,Si)Ni-units evolving a new framework topology (symbathj). The
structure shows strikingarallels to the UGE,-type luminescent materials and its closely related
structures of Na[LSiO,] and Cs[NgPbQ]. Some recently described nitrides with very interesting
luminescence properties in the red spectral region sud¥[ldgsSiNJ:Eu** (M = SrBa) and the
abovementionedAE[LiAl ;N,:EU** (AE = Ca,Sr) crystallize in these structure type¥:** Similarly
with [1], their highly condensed tetrahedra networks contain two different typesewsr ring
channels. In Ba[L{Al,Si,)Ng], both types of the channels are filled with atoms**B&cupying the
larger channels and the smaller ones filled by 40 that bisphenoids of JN;, are built. In the
UCr,C,-type related structures, only one type bégnel is centered by a heavy atom, while the other
one is empty. By introducing a second filled channel, the new crystal structure of(B&fkib)Ng|
leads to an additional degree of freedom in the substitution of elements and therefore in luminescence
tuning. The host lattice is suitable for various substitutional variants. Besides control of the doping
level, the color of the described new phosphor materials can be adjusted by the atomic ratio Li/Mg and
Al/Si. A comparable possibility of luminesceneming including a large range of the visible spectrum
is only known from narrovband emitting QDS.

Compounds of the soligsolution series still need to be synthesized with values <i.6 to gain
luminescence in the yellow spectral region. The extraargitunability gives this material an edge for
the usage in ptEDs for various applications ranging from display backlighting to illumination or

signaling applications.
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Abstract. The nitridomagnesosilicates
Li,Ca[Mg;Si;Ng]:Eu** and
Li(CaygsSho.19[Mg»Si,Ng]:EU?* show
narrowband red emission at 638 and
634nm, respectively, with an emission
bandwidth of 62 nm@1513 cm') after

excitation in the blue spectral region.’Ge

doped samples show luminescence in the
green spectral rangesf, = 540 nm). The compounds were synthesized via stéitt metathesis
reaction in Li melts. Refinement of singlerystal Xray diffraction data revealed that

Lix(Cay geSto.12[Mg2SioNg] crystallizes isomorphic to lCa[Mg,.SiNg]: C2/Im[Z=2,a=5.5744(2)p

= 9.8439(3)c = 6.0170(2) A = 97.2520(10)°R1 = 0.021,wR2 = 0.047].Crystal composition was
checked by EDS and IGBES measurements and luminescence properties are compared to state of
the art narrowband red emitting luminophes. On the basis of its narrevand emission, application

of the novel red luminopheiin high CRI white pcLEDs is promising.
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2.2.1 Introduction

Narrowband red emitting phosphors play a key role in development and improvement of white
light-emitting high CRI (color rendering index) pcLEDs (phosphor converted LEDs). To enhance
luminous efficacy andonsequently reduce energy consumption, it is important to find access to red
luminophors with minimized emission in the infrar€dThe great energy saving potential of narrow
band red nitride phosphors has been demonstrated with the nitridolithoaluminate JSiJLEAF*

(SLA) by Pustet al’ Due to its emission at 650 nm, further improvement of luminous efficacy could
be achieed by a blue shift of the emission from 650 nn&80 nm while keepindgwhm (full -width
at haltmaximum) constar.

Besides emission characteristics, luminophors need to possess a number of properties for application
in pcLEDs such as chemical and thermal stability as well as optical transparenchastth@aterials.
These requirements are met by compounds in the nitridosilicate class, e.g.,,SBaSE" and
(Sr,Ca)AISiIN:EL?*.5" However, both compousdshow emission in the orange to red spectral region
with fwhrrs of approximately 90 nm and therefore, loss of energy by emission of light in the infrared.

Explorative syntheses in the systéi Li/Mgi Sii N (AE = Cd Ba) led to the discovery of several
novel host materials for LED applicatidi® Recently found Li and Mgcontaining nitridosilicates
and -aluminates show emission wittwhm as narrow as 50 nm. To the best of our knowledge,
Sr{MgsSiN,J:EU?* is currently the most narrow red emitting’Edoped compound exhibitirfgehmof
43 nm® Ba[MgsSiN,] and SLA also show excellent emission properties when doped with Eu

Developing phosphors introducing both elements, Li and Mg, at the same time prag#ss to
novel intriguing host materials. A recently described phosphor containing both elements, Li and Mg, is
the solid solution Ba[(Mg,Li,)(Al4,Si)Ng:EU** (x = 0i 2) with Li and Mg sharing the same lattice
site? Compounds of this materials class are promising candidates, upon doping igm&ECé", for
applications thatequire luminophors with high luminous efficacy, e.g., in illumination grade white
pcLEDs.

The results of this contribution are based on the work of Schmiechen et al., describing the
nitridomagnesosilicate €Ca[Mg,Si,Ngl.** In this article we report on synthesis and structural
characterization of compounds in the compositional rang€&},Sr,),[Mg.Si-Ng] (X = 0i 0.06). For
the first time, optical luminescence properties of the*fHoped nitridomagnesosilicates
Li,Ca[Mg,SibNg] and Li(Ca gsSHh.12)[Mg.SiNg] are investigated. Both materials show narmand
red emission under blue light irradiation, which make them attractive for improving color rendition
and efficiency of pcLEDs, espially at lower CCTs (correlated color temperatdSejbstitution on
the C&" site with the larger $f and its influence on luminescence properties were iigatet with
the goal of tuning the emission in the red spectral region. Similar investigations proved successful in
other luminophors such as green to blue emitting (Sr,Ca®3)6iE?* and orange to red emitting
(Ba,Sr}SisNg:El?* and Ca,SrAISiNg:EW " Structure property relations regarding nardoand

emission are investigated and compared to-stiatiee-art narrowband EG" luminophors.
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When dopedwith Ce”*, emission of LiCa[Mg,Si-Ng:Ce* is observed in the green to yellow
spectral range, similar to the prominent garnet phosphors YAGo€eUuAG:Ce*.*

2.2.1.1 Synthesis

The investigated nitride compounds were synthesized viateigherature routes in tube furnaces.
Solid-state metathesis in sealed tantalum ampules was chosen forcsystiged synthesis. Either Ar
filled glove boxes (Unilab, MBraunGarching, Q@ <1 ppm, BHO <1 ppm) or dried Schlertype
gl assware connect edmbarowera usedafar waighing larid sampld pbepadation.

Argon (5.0, Air Liquide) was purified by streaming throughaomns f i | | ed wb¥%)h KOH (
silica gel (Merck), molecular sieve (Fluka, 3 A),®, ( R o t98%), add heated titanium sponge
(Johnsen Matthey, 99.5%,= 700 °C).

Starting materials for synthesis 01‘21.‘,'199[MgZSizN@]:Eu2+ and LiZCaQ[MQZSiZNG]:Ce‘“‘+ were Cak
(0.20 mmol, 15.6 mg; Sigmaldrich, 99.99%), MgN, (0.20 mmol, 20.2 mg; Sigmaldrich, 99.5%),

AiSi GNH)O. 40 mmol, 23.3 mg; synthesi z%%nddidhc or di nc
(0.45 mmol, 22.0 mg; syhesized according to the method by Fair et'*alBor doping (1 mol %)

EuR; (SigmaAldrich, 99.99%) or Cef(SigmaAldrich, 99.99%) were added to the reaction mixture.

The reactants were ground and mixed thoroughly in agate mortars and filled into Ta ampules. Li metal
(1.00 mmol, 6.9 mg; Alfa Aesar, 99.9%) was added as fluxing agent. The reaction vesseldeds wel

shut by the tungsten inert gas welding methidd’he ampule was subsequently inserted into a silica

glass tube, evacuated and heated in a tube furnace. The temperature was raised to 950 °@, within 3
maintained for 24 and cooled to 500 °C in 60 h. By turning off the furnace the crucible was finally

cooled down to room temperattife.

Synthesis of single crystals of kiCa gsSr.1)[Mg.SibNg:Eu** was carried out similarly to
Li,Ca[Mg,SiNg:EU?*.  gVBALF0 (a 3: 1 mi(SigmaAidech, 65.99%) arfd Mg\,
(SigmaAldrich, 99.5%), reacted at 950 °C for 12 h, 0.10 mmol, 33.5'fg)F, (0.15 mmol, 18.8
mg; SigmaAldrich, 99.9%), MgN, ( 0. 05 mmol , 50 0( ng20Q0 MmBol( NHL1. 6
LiN3 (0.20 mmol, 9.8 mg) were mixed in an agate mortar.;EluFnol %) was added as dopant. Li

metal (2.0 mmol, 13.9 mg, Alfa Aesar, 99.9%) was used as fluxing agent.

2.2.1.2 X-ray Spectroscopy

Chamical composition was determined by energy dispersiwayXspectroscopy (EDS) using a
JSM6500F scanning electron microscope (SEM, JEOL) with Si/lLi EDS detector (Oxford
Instruments, model 7418). The EDS data were obtained from several particles atlaratauge
voltage of 30 kV. The scanning electron microscope was additionally used to collect images of

particles for morphology investigation.
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2.2.1.3ICP-OES
The ratio of alkali and alkaline earth metals was determined by inductively coupled plasma optical
emisson spectrometry (ICIOES). A Varian Vista RL spectrometer was used for investigations after

chemical dissolution.

2.2.1.4 Single-Crystal Diffraction

A red single crystal of L{Cay gsS.1)[Mg.SiNe: Eu** was selected and sealed in a glass capillary in
argon atmephere. Crystal quality was tested with a Buerger precession camera. A Bruker D8 Quest
diffractometer with microfocus was used forr¥Xy diffraction data collection. Goebel mirror optics
was used to specifically select MoUradiation &= 0.71073 A). Theorogram SADABS was chosen
for absorption correctiol. The crystal structure was solved by Direct Methods (SHEEX&)d
refined by fullmatrix leastsquares methods (SHELXE)?? EW** was disregarded for structure
determination due to its low amount and its therefore insignificant contribution to the scattering
density. The atomic ratio of the alkaline earth elements ¥Qa, gsSto.1)[MJ>Si,N¢] was determined
during the refinement.

Further details on the crystal structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggendtebpoldshafen, Germany (Fax, (+49)7R47
808 666; email, crysdata@fizarlsruhe.dgupon quoting the depository numbers C&£2118.

2.2.1.5 Luminescence

Luminescence spectra of #woped samples of both AJa[Mg,SiNgJ and
Li»(Cay gSlh19[Mg.SiNg] as well as Li,Ca[Mg,SiNg:Ce** were obtained with a HORIBA
Fluoromax4 Spectrofluorimeter system connected to an Olympus BX51 microscope by optical fibers.
Samples were sealed inside silica glass capillaries. The spectral width of the excitation wavelength at
440nm is 10 nm. Emission spectra were recorded in a wavelength range between 460 and 820
with 2 nm step size. Excitation spectra were obtained with a monitoring wavelength of 625 nm for
Eu**-doped samples of §Ca[Mg,SiNe and Li(Cay gsSt 19[Mg-Si-Ng]. For Li,Ca[Mg,Si,Ng):Ce*

a monitoring wavelength of 556 nm was selected.

2.2.1.6 Luminescence Decay

Decay measurements were obtained on a VUV (Vacuum UV) spectrometer assembly consisting of
an excitation unit with a pulsed LED (442 nm, 20 kHz, 6 ns pulse widitt)callecting optics, a
sample chamber and detection unit. The detection unit is arranged in 90° geometry to the excitation
unit. The collecting optics features an integrated monochromator (FS9000, Edinburgh Instruments)

and photomultiplier tube (Hamatsi955).

2.2.1.7 UVIvis Spectroscopy
Reflectance spectra of AGa[Mg,SiNg] and LiZCaQ[MgzsizNe]:Eu2+ were obtained with an
Edinburgh Photonics FLS920spectrometer equipped with a 450 W Xe900 arc lamp (single photon
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photomultiplier detector, Czerrjurner monochnmator with triple grating turret). The spectra were
measured in the wavelength range from 230 to 780 nm (5 nm step size). The band gap of
Li,Ca[Mg.Si:Ng] was estimated from UV/vigeflectance data. The intersection of two line tangents to
the slope of theeflectance curve yielded the value of the band gap.

2.2.2 Results and Discussion

2.2.2.1 Synthesis

Single crystals of red emitting nitidomagnesosilicates ,C&{Mg,SiNg:Eu**  and
Li 2(Cag_8gsro_12)[M928i2N6]:Eu2+ were synthesized by a modified seithte metathesis reaction in-arc
welded Ta ampule¥.The formation of LiF as thermodyméc driving force favors the formation of
the products. Different impurity phases like Cap8iNJ:Eu?** and Ca[LiSiN, as well as
compounds with a mixed occupation of the alkaline earth position with Ca and Sr, respectively, have
been identified?

Isolated single crystals of the target compounds show deep red body ablareasensitive to
moisture and air. G&doped crystals of LCa[Mg,Si,N¢] were synthesized similarly and show green
body color and luminescence. Attempts at increasing the Sr content to more than 7% Sr on the Ca site
were not successful. This might tee to size mismatch of the larger ionic radius 8f &smpared to
Ccd"*. B&* could not be incorporated at any marked concentration.

Figure 1. a) SEM image and b) luminescence imagd.igfCa; ssSr.12)[Mg.SiNgJ:EU** single crystals. Scale

bar, 50 em.

2.2.2.2 Chemical Analysis

Elemental analysis was performed by EDS analysis andJE® investigationsT@able ). Results
from EDS analysis of LCa[Mg,SiNgJ:Eu*/Ce* and Li(Cay gsSh 19[Mg,Si-Ng]:EU** single crystals
are summarized. The scanning electron microscopy (SEM) imdgjgure J) shows a single crystal
ofLi2(C34_888r0_12)[M928i2N6]:Eu2+wi th a particle size | arger than 1
crystals as well as in microcrysialhe powders were found in all s a
hydrolysis sensitivity. The Li content in a ,(Ca gsSr.1)[Mg-SiNg:Eu** powder sample was
quantified by ICPOES measurements. The complementary results from elemental analysis agree well
with the calculated composition from singleystal structure refinement within the standard

deviations.
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Table 1.Summary of EDS and ICP/OES Analysis (Atomic Ratio)

element Li ;Cag[Mg 2SiNg|:Eu?" Li,Cag[Mg:SiNel:Ce®" Liy(Cay g6Sr01)[Mg2SiNgl:Eu?" Liz(Cay 6Sr0.19[Mg 2Si:Ne]:Eu?*

(EDS) (EDS) (EDS) (ICP)
Ca 1.0 1.0 0.94 0.89
Sr 0.06 0.11
Li 0.77
Mg 0.8 0.8 1.0 1.04
Si 1.0 1.0 1.0
N 2.3 2.7 4.2
O 0.9 1.4 0.4
Eu/Ce 0.01 0.01 0.01
Table 2. Crystallographic Data of k{Ca; gsSip 1)[Mg2SiNg]?
formula mass/g mbl 289.56
crystal system / monoclinic
space group (no.) C2/m(12)
cell parameters (A, °) a=5.5744(2)
b =9.8439(3)
€=6.0170(2)
b=97.2520(10)
cell volume (&) 327.54(2)
z 2
density (Xray) (g cm®) 2.929
Abs coefficient(mm'?) 3.148
F(000) 285
crystaldimensiongmn?) 0.246 x 0.154 x 0.072
diffractometer D8 Quest
radiation MoiKU( 0. 7107
temperature (K) 293(2)
Abs correction multi-scan
d range (A) 3.41336.995
measured reflns 5098
independent reflns 882 [Rnt = 0.0288]
observed reflns 823
min./max. transmission 0.7614/1.000
refined params 37
GOF 1.152

Rindices(Fo2 O2(i(Fo2))
Rindices (all data)

R1=0.0181 wR2 = 0.044¢
R1=0.0211wR2 =0.0467

min./max.residualelectrondensity(eA’®) 10.573/0.379

#e.s.d.s in parentheses.

2.2.2.3 Single-Crystal Structure Analysis

X-ray diffraction experiments were performed on single crystals €& gsSr.12)[Mg.Si:Ng]. The

compound crystallizes isomorphic to the nitridomagnesosilicatealMg,Si,N¢] in the monoclinic

space groupC2/m (no.12)!? Crystallographic data of structure solution and refinement are
summarized inTable 2 Atomic coordinates and isotropic displacement parameters are given in

Table3. Anisotropic refinement Anisotropic displacement parameters (ADPs) assvallgraphical



2.2Luminescence of the Narre®and Red Emitting Nitridomagnesosilicate
Li 5(Cay,Sh)2[Mg,SiNel:Eu** (x = 0-0.06) 35

presentation of the ADPs of {Ca; gsSlh.1)[Mg.Si-Ne] are given inTable S1 and Figure Sif the
Supporting Information

2.2.2.4 Crystal Structure Description

The network of LiCa[Mg,SibN¢] is made up of edge sharing double tetrahedra wittfdiraeula
[Si;Ng|*® that are interconnected by chains of edge sharing Metkahedra Rigure 9.** Negative
charge of the network is compensated by @ans occupying distorted octahedral voids coordinated
by N. Octahedrally distorted coordination of two Li atoms by N is shown as well.

Substituting up to 6% Ca by Sr in the crystalisture elongates lattice parametamsndc by 0.027
and 0.019 A, respectively. Lattice paramdigs not influenced within the standard deviations. The
monoclinic angleb is increased slightly by 0.12°. The overall cell volume is increased by 2.64 A
0.8%.

A comparison of lattice parameters is givenTiable 4 The influence of partially introducing a
larger cation varies for different coordination polyhedra. In (CaSsiitahedra the (Ca,SN1 bonds
are expanded by 0.014 and 0.008 A.

Table 3. Atomic Coordinates and Isotropic Displacement Parameters(@aigsSry 1)[Md,Si,Ng]*

atom Wyckoff position x y z Ueq (A% siteoccupancy facto
Ca 4g 0 0.18315(2 0 0.00862(7) 0.937(2)

Sr  4g 0 0.18315(2 0 0.00862(7) 0.063(2)

Si 4 0.63044(5) 0 0.17903(5) 0.00408(8) 1

Mg 4h 0 0.26580(4 1/2 0.00607(9) 1

L 4 0.1746(5) 0 0.4060(5) 0.0151(4) 1

NL § 0.24664(13 0.35499(8 0.31046(12 0.00808(13 1

N2 4 0.30936(17 0 0.10946(16 0.00683(16 1

#e.s.d.s in parentheses.

Figure 2. Crystal structure ofi,(Ca; gsSlh.1)[Mg.SibNg]; SiN, tetrahedra (turquoise), MgNetrahedra (orange),
Li (violet), and Ca,Sr (dark orange); viewing direction along (001).
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Table 4.Lattice Parameters [A,°] of kCa[Mg,Si,Ng] and Li(Cay 58S 19[Mg-SibNg?

lattice parameter Li,Ca[Mg2SiNg] Li»(Cay.885r0.12)[MQ 2Si-Ng]

a 5.5472(11) 5.5744(2)
b 9.844(2) 9.8439(3)
c 5.9978(12) 6.0170(2)
b 97.13(3) 97.252(1)

2e.s.d.s in parentheses.

While the SiN tetrahedra remain largely unchanged, iMgcontacts in Mghl tetrahedra are
extended by 0.008 and 0.007 A. ThéoRl coordination of Li by N is compensated by an elongated
Lid N2 bond (+0.012 A) and two contractedNil bonds (10.006 ).

The LiiLi distance is significantly extended by 0.036 A. Selected bond leragitisangles of
Li,.Ca[Mg,SibNg] and Li(Cay geS1o.19)[Mg,SihNe] are summarized ifable 5 coordination polyhedra

of both compounds are displayedHigure 3

Figure 3. Coordination polyhedra of a) (Ca,Sr), b) Li, and c) Mg; bond lengths given in A.

Table 5.Selected Bond Lengths [A] and Angles [°] 08CB[Mg,SiNg] and Lix(Cay gsSro.19[Mg»SiNg]?

bond/angle name Li,Cax[Mg2SizNg] Lio(Cay.gsSro.12)[Mg2SizNe]
Cad N1/(Ca,SrP N1 (2x) 2.494(2) 2.508(1)
Cad N1/(Ca,SrP N1 (2x) 2.748(2) 2.756(1)
Cad N2/(Ca,Srd N2 (2x) 2.523(2) 2.524(1)
Sid N1 (2x) 1.721(2) 1.719(2)
Sis N2 1.784(3) 1.786(1)
Sis N2 1.805(3) 1.809(1)
Mgd N1 (2x) 2.066(2) 2.074(1)
Mgd N1 (2x) 2.081(2) 2.088(1)
Lid N1 (2x) 2.231(5) 2.225(2)
Li& N2 2.010(7) 2.022(3)
Lid Li 2.336(13) 2.372(6)
N18 Sid N1 112.38(15) 112.33(5)
N16 Sid N2 109.60(9) 109.68(3)
N18 Sid N2 114.63(9) 114.60(3)
N28 Sid N2 94.44(2) 94.41(4)

#e.s.d.s in parentheses.



2.2Luminescence of the Narre®and Red Emitting Nitridomagnesosilicate
Li 5(Cay,Sh)2[Mg,SiNel:Eu** (x = 0-0.06) 37

2.2.2.5 Eu**-Luminescence

Investigations on luminescence properties of ZCtai[MQZSiZNe]:Eu2+ and
Li»(CaygsSro.19[Mg,SiNg]:EU** revealed extraordinary emission characteristics, only exceeded by few
red emitting nitride phosphors. Excitation and emission spectra of tHed@ped compounds are
compared irFigure 4 . Bot h compoun gosor=62bmm) ib the bdug spéctraérdgiorf o
of the visible spectrum with maximum absorption between 400 and 460 nm with a second absorption
maximum around 530 nm.

Hence, the title compounds are effectively excitable with UV to blue light as supplied by (In,Ga)N
LEDs. When excited, LiCa[Mg,Si,Ng]:Eu*" and Li(Cay ssSh.12)[Mg2Si-Ng]:EU?* show luminescence
in the red spectral range peaking at 638 and 634 nm, respectivelyfwhitn=1513 1532 cr*
(D62nm, nominal Etcontent 1%), developing comparable emissiotengity. An image of a
luminescent single crystal of {Ca gSh.1)[Mg-SiNg;EU** bei ng excited i th bl
460nm) is shown irFigure b.

With the introduction of Sr into bJjCam-)(er)z[MQZSizN.g]:Eu2+ (x = 0i 0.06), excitation and emission
maxima are shifted slightly toward shorter wavelengths. The effect is influenced by the size of larger
Sr** compared to CGa By introducing Sr, cell parameters andi Budistances are enlarged. Reduced
crystal field spliting causes blushifted absorption and due to a comparable Stokes shift also-a blue
shifted emission band. This fits well to the assumption that the activator ion occupies the alkaline earth
atom position.

A comparison of the local coordinations of thikadine earth ionsKigure &) with that of Ca and Sr
in the commercially available phosphors;Gar,SIAINg:ELF* (SCASN) shows extensive similarities.
However, Stokes shift and emission bandwidth of the title compounds are significantly $hiter.
observation can be explained by the fact that the host lattice ions Li, Mg, and Si all occupy distinct
lattice sites while Si and AhiSCASN show a statistical distribution over the same lattice site leading
to larger Stokes shifts and inhomogeneous broadening of the emissiori®bands.

Compounds with cubkke N coordination ofAE*" like SIMg:SiN,J:Eu”" and Sr[LiALN,]:Eu* still
show unrivalled emission bandwidth (1170'tni180 cnt) compared to compounds with distorted
octahedral coordination like }Ga[Mg,SiNgJ:Eu** and Ca,SrSiAINg:EF* (>1500 cn').*"® This is
likely caused by different void sizes in the crystal structure provided fohEwctahedral and-Bld
coordination of N, assuming EweupiesAE sites. Cubdike coordination on a Sr site is close to the
energetic equilibrium geometry of Euwnhile octahedral coordination on a Ca site with shortéfiEu
ligand distances leads to an increased local structure relaxation around therantit@txcited state.

As a consequence higher vibrational levels contribute to the emission energy spectrum (increased
HuangRhys coupling facto). With increasindgsthe Stokes shiftHsiked increases linearly according
to eq 1 with ¥ as the angulafrequency of vibration around the emission center in the simplified

configurational coordinate mod@&i2®
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9 'Y pJIl (1)

Recently found Cag7d.i10dAl 39N55]:Eu2+ with three differentAE sites, which are in trigonal
prismatic (1x) and distorted octahedrat2oordination, shows remarkable narrband red emission
(1280cm'Y) as well. It is assumed that Eartially occupies all Ca sites, while emission only occurs
from distorted octaddrally coordinated Ca sites. If thEldvels are comparably positioned in the band
gap emission from the trigonal prismatically coordinated site, they are quenched due to the excited

state being energetically located in the conduction Band.
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Figure 4. Luminescence spectra of a),Ca[Mg,SibNg:EU*" (exc.: dark blue line, em.: red line) and
Li2(C35L885r0_12)[MgZSiZNG]:Eu2+ (exc.: light blue line, em: orange line) andIJi))CaQ[MQZSiZNG]:Ce3+ (exc.: dark

blue line, em.: light blue line).

2.2.2.6 C€"-Luminescence
Samples of C¥-doped LiCa[Mg,Si-Ng show green luminescence with a maximum around 540

nm and a shoulder &#600 nm due to the energetically split ground states 6t G, and *Fy;,)

(Figure 4). The excitation spectrum also shows two distinct maxim@®400 and D480nm.

Therefore, the phosphor is éable with low energy blue light. The energetic differet the lowest

lying 4™ Y & absorption bands of €eand EG" in Li,Ca[Mg,SiNg] is D4170 cm' and confirms

that both activator ions occupy the s&@me |l attice
In Figure S2 emission spectra of YAG:€eand LbCa[Mg,Si,Ng]:Ce*" are compared. Emission

spectra of both compounds are very similar. Due to theshgtkd absorption of the title compound

(D477 nm compared 455 nm in YAG:C&") a smaller Stokes shift is determined.

2.2.2.7 Luminescence Decay

Lifetime investigations of LCa[Mg,SiNg:Eu** emission are shown iRigure 5 Fitting of the
measurement curves reveaja an 2i reist ifaoll |foawsetd cbhoympao r
GD0. 9 es. This is possibly att r%centetserdabsorptionener gy
effects and is comparable to state of the art red phosphors with the activitoe.§y commercial
Cay,SLSIAINGEX (8 0. 3486, 8Ues);N;EWd mBnbheRAponent Dal dec:
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0 . 8 **The dbserved lifetime of the Eluminescence of the title compound thus point toward high
internal quantum efficiencies and make the materials attractive candidates for practical application as
LED phosphors. Regarding decay time of red phosphors, the dop&nshews advantage over
slower decaying emitters like BEuor Mn™* that show decay time constants in the ms range due to

emission saturation under high excitation densifies.

0.5
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Figure 5. Luminescence decay of iGa[Mg,Si,Ng:Eu?* (1 mol % Ed*, nominal compositin). Linear (gray

line) and logarithmic (blue line) plot.
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Figure 6. UV/vis reflectance spectra of undoped (red line) and doped (blue line, 1 mol*% rBwminal

composition) BCa[Mg,Si,Ng].

2.2.2.8 UVIvis Spectroscopy
Band gap investigations on Ewloped andindoped samples of 4Ga[Mg,Si;-N¢] were carried out

by UV/vis reflectance spectroscopy. Reflectance speEtgaie § show two absorption bands in the
spectrum of the doped sample. One broad band is found in the blue to yellow region of the visible
spectum and is attributed to thé’4Y  f4"5d" absorptions in Eil. The strong absorption maxima at

D410 axd D460 nm are in good accordance with the red body color of the crystalline sample
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The absorption band around 2280 nm is attributed to the host lattice absorption and can be found
in the spectra of the doped and the undoped sample. The optical band gap was estimated to a value of
D4.6 eV. Theexcited B-state of EG" should have a sificant distance to the conduction band edge
for high quantum efficiency (QE), which is a main condition for phosphor application in ¥t
ambient temperature internal quantum efficiency of initial powder sample;@&[Mg,Si,Ng]:Eu**

shows values around 50.0% (+0.5%) foisgathesized samples.

2.2.3 Conclusions

The nitridomagnesosilicate A(Ca, gsShh.1)[Mg2Si-Ne] was successfully synthesized by sedidte
metathesis in Ta ampules. The compound crystallizes isomorphic taittifdomagnesosilicate
Li,Ca[Mg,Si:Ng] in space grouc2/m. Upon doping with Etf and Cé&", respectively, luminescence
in the visible spectral range is obtained in both compound¥-d8ped samples show broad band
green emission. Ettdoped compounds dfi,(CaySr),[Mg.Si-Ng] (x = 0i 0.06) show exceptional
narrowband red emissionfhm =1513 1532 cm'; D62 nm). Successful synthesis of crystalline
samples withx = 0 and 0.06 exhibit emission peaking at 638 and 634 nm. The emission maximum can
be tuned irthe red spectral range by varying the amount of Sr #(Chj;Sr,),[Mg,Si;Ng] series in a
range from 0 to 6%. The optical band gap of th&"Hoped compound dp4.6 eV is similar to the
value D4.9 eV of SfSisNgEX*'* The | umi nescarmice0. |2 Beesti.nm8 £(s0
Li,Ca[Mg,Si,NgJ:Eu* is comparable to other red emitting’Ephosphors.

Phosphors emitting in the particular area around 630 nm and simultaneously exhibiting the ability of
fine-tuning the emission precisely within a small spectral range are sought after candidates for
application in pcLEDs. Stabilization against hydrolysidhaf phosphor can possibly be improved by
protective coatings, as demonstrated for various oxide and nitride phosphor m#térials.
Optimization of the synthesis qtocol will likely improve the luminescence properties, e.g., QE,
further. Subject of ongoing investigations is the further extension of compositional ranges of the title

compound with focus on the related luminescence properties.
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3 Narrow-band emitting Nitridosilicates

| nvestigated by Synchrotron Xray Spectroscopy

3.1 Preface

Fundamentalinvestigationson the physial processesof host and dopant interactivsnwere
conductecextensivelyby BlasseandBrili n t h e Dérdhbossisice a00GF Their research has
considerably advanced the understanding of characteristic luminescencstablisking simple
models, such as the configura@brcoordinate model and enertgvel diagrams of th&kE energy
states. They also have been decisive indiductionof simple structurgroperty relations and their
influence on luminescenagarofile andefficiency. Yet, not all apparent electronic processeRE
doped phosphors are fully understood.

As foundation for the determination of electronic processes in luminescent materials, band gap
determination is necessary. To obtain informative valuesrdift methods canebcombined. As a
standard methodor determination otthe band gap UV/is spectroscofsy applied Additionally,
theoretical calculatons f t he materi als6 electronic states
band (CB) can bgerfomedusingi.e. the density functional theory (DFTJo supportcalculations
experimental determinationf the band characteristity soft X-ray spectroscopymeasurementat a
synchrotron sourcean be appliedThe combination of calculations and measuretngields more
detailed infemation about electronic stataad giveinformation e.g.,about thepresencef direct or
indirect band gapghe density of states (DO&} well aghe influence okpecificelementsand their
contribution tathe energyband.**

We have applied sft X-ray spectroscopy methods, such asray absorption and emission
spectroscopy (XAS, XES)n combination with Xray excited optical luminescence (XEOL) to
perform detailednvestigaions a the electronic structuref phosphor materialNowadays, XES and
XAS are routinely applied at all synchrotron sources to solve scientific problems incghysi
chemistry, material sciences, life sciences, geology, medicine, and enginesdfig.X-ray
spectroscopy methods guewerful asthey areelement specific, nondestructive, and highly sensitive
to the local bonding environment and geometric structoerdinating the absorbing atost®
Experimental results about the investigation SrLiAl;N,:Eu*, SMgSIiNJ:Eu**, as well as
CaQLiZ[MQZSizNG]:Eu2+ and BalLj[Al ZSizNe]:Eu2+, characterized in chapter dre condensed in the
next chapterMeasurements ofaver beforeexperimentallyobserved electronic states, such as the
excited Eu(ll) ® state,and stateof-the-art determination of VB and CRre usedo supplement

present modelsf excitation and emission processes in phosphor materials.
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Abstract. A large band gap is a prerequisite for
efficient emissions from a rare earth doped phosphor and
is consequently a prerequisite for its application in high
quality lighting. We present a detailed characterization of
luminescent materials  Ca[Mg,Si,Ng):Eu** and
Ba|Li,(Al,Si,)Ng]:Eu?* using sof X-ray spectroscopy and
density functional theory calculations, including a
rigorous experimental determination, and theoaged
elucidation, of their band gaps. The band gap of
LiZC<s§z[Mgzsi2N6]:Eu2+ is determined to be 4.84 +
0.20eV, while that of Ba[li,(Al,Si)Ng]:Eu** is 4.82 + 0.20 eV. The origin of the band gaps is

discussed in the context of the calculated DOS of each material and compared to benchmark

luminescent materials Sr[LiAN,:Eu*" and Sr[MgSiN,J:Eu?*. Critically, the elements determining

the band gaps are identified using the calculated density of states, as well as experimental resonant X
ray emission measurements. This allows for predictive power when searching for new nitridosilicates
and related host structures, which upon doping véte earth elements, may find application in the

nextgeneration of phosphor converted light emitting diodes.
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3.2.1 Introduction

Lighting is a leading consumer of energy globally, following only transportation and building
temperature control. Solid state Higng, the phosphor converted light emitting diode (pcLED) in
particular, is poised to reduce energy consumption in the lighting sector by 40% within the next
decade and half.In order to achieve or even exceed this goal, several advances are wanting.
Improvements to device architecture are importdntt there are also considerable gains to be made
in both phosphor efficiency and the luminous efficacy of the devidése former is accessible
through improved quantum efficiency of the phosphors, but the latter requires narrow, red emitting
phosphors.

The discovery of the highly efficient red emitddgSisNg:EL?* (M = Ca,Sr,Ba) and its demonstration
as anLED phosphor were milestones in the fiéfdThe recentdiscovery of narrow emitting
SrILIAI3N:EU** (SLA) and Sr[MgSiN,:Eu** (SMS) has made ultrahigh color rendering pcLEDs
realizable>® There are still improvements that can be made, and efficient phosphors emitting in
different regions of the visible spectrum are highly desirable. This is a study of two nephqtsos
narrow  greeremitting Ba[Lib(Al,Si)Ng]:Eu**  (BLAS) and narrow regmitting
Li ,Ca[Mg,Si,Ng:EU?* (LCMS).”® Either materialemits in highly desirable regions of the visible
spectrum and BLAS shows a promising quantum efficiency. Accurate measurements of their band
gaps, arguably one of the most important material characteristics, are made through the use of soft X
ray spectrosopy. The density functional theory calculations for each phosphor are presented and used
to explain the origins of their band gaps, while relating them to the values of other important
benchmark phosphors. The comparison between phosphors is used enfomderstanding of the
structuré property relationships that underpin the useful properties of LCMS and BLAS. This

understanding can guide the search for the next generation of efficient, -eanitiing phosphors.

3.2.1.1 Synthesis and Structure Models

The powde samples of BLAS and LCMS where synthesized in sealed tantalum ampules through a
modified solidstate metathesis reaction. Full synthesis details and characterization of crystal
structures are described elsewher€rystal structures derived from single crystatay diffraction
(XRD) are the primary input to the density functional theory (DFT) calculations presented here. Due
to the statistical occupation of the Si/Al sites in BLAS, half of the sites inrfiecell were assigned
to each element for the DFT calculations. The experimentally determined lattice parameters were
taken as the best representation of the samples, and ndbd3Eed structure optimization was carried
out. This approach is seen to le@dexcellent agreement between the experimental and calculated
spectra, supporting the accuracy of the structures determined with XRD. Both samples in this study
are doped with Ei, which leads to 4 Y  ®4f° emissions in each sample in the red (LCMSJ an

green (BLAS) spectral regions, respectively.
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3.2.2 Experimental Section

3.2.2.1 X-ray Spectroscopy

The Xray absorption measurements were collected at the spherical grating monochromator
beamline at the Canadian Light Source in Saskatoon, Saskatchewan, Jéa'ﬁl'clelaabsorption
intensity was measured as the partial fluorescence yield (PFY), determined by postprocessing the
emisgon spectra collected using Si drift detectors. The beamline monochromator has a resolving
power of about 5000 at the N-&dge. The Xay emission spectroscopy (XES) measurements were
collected at Beamline 8.0.1.1 of the Advanced Light Source in Berk€afjfornia, USA™ The
beamline monochromator has a resolving power of about 5000. The emission spectrometer is in the
Rowland Circle configuration and has a resolving power of about 1000.l€amere prepared for
measurement under Ar or,ldtmospheres to avoid hydrolysis of LCMS, which is mildly hygroscopic.
The powder samples were pressed into clean In foil, prior to transfer to the vacuum chambers used for

the measurements. All measurememtse conducted under a vacuum of°Irr or better.

3.2.2.2 Calculations

The density functional theory calculations presented here used the WIEN2k software patkige.
package uses linearized augmented plane waves (LAPW) and augmented plane waves with local
orbitals (APW+lo) to solve the Koli®ham equationsThe generalized gradient approximation of
Perdew, Burke, and Ernzerhof (GEMBE) was used throughout to model the exchamgeelation
energies. Additional calculations using the modified Bedkbnson (mBJ) potential were conducted,
in order to obtain ecurate estimates of the band g&phek-mesh for each sample was determined by
increasing the mesh size until the total energy of the unitcoeiverged to 16 Ry. Core hole
calculations used 2 x 1 x 1 supercells, with an appropriately dcatedh.
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Figure 1. X-ray emission and absorption spectra of LCMS. The XES (left) and XAS (right) are shown alongside

DFT calculations, while the secondridatives of the 400.11 eV RXES spectrum and the XAS spectrum are
shown in the lower panels. The calculated ground state (g.s.) and excited state (core hole, c.h.) spectra are shown

as red and cyan curves, respectively.
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3.2.2.3 Nitrogen K-edge and the Band Gap

Soft X-ray emission and absorption measurements for each sample were conducted ateitigeN K
and are shown ifrigures land 2. The Xray absorption spectroscopy (XAS) measurements were
collected as partial fluorescence yield (PFY). Thea} emission speascopy (XES) measurements
can be divided into two types, based on the excitation energy that was used. Those spectra excited near
the onset of the XAS will contain resonant effects and are referred to here as RXES (res@yant X
emission spectroscopy) spe. They will be discussed in a subsequent section. The spectrum
collected with an excitation energy of 427.89 eV, which is well above the absorption edge, should
contain no resonant effects and represents a noranay Xmission spectroscopy (NXES) sippen.

Both the XAS and the NXES have intensities that to first order are proportional to the density of states
of the material? Calculated spectra are shown alongside the measurements. A calculation for the
ground state (g.s.) of each system is given, as is an excited state (core hole, c.h.) calculation that
includes a N 1s hole and an electron added toctimeluction band. The former is sufficient for
describing the XES spectra, whereas an excited state calculation with a core hole is generally needed
to properly describe the XAS spectra’ The band gaps and other properties of LCMS and BLAS can
now be discussed in turn.

It can be seen that there is excellent agreement between the measured and calculated spectra of
LCMS inFigure 1 Thee is a small apparent disagreement between the measured and calculated XES
spectra in the region from about 395 to 405 eV. The peaks present in the measured spectra are due to
X-ray scattering, which is not captured in the DFT models of the spectra. i$resamall region of
apparent disagreement in the XAS around 402 eV. However, this is simply due to absorptioa from N
gas that results from small amounts of radiation damage to the sample. As discussed elsewhere for
similar phosphors, this is of no comsence to the results of interest h€r@utside of the narrow
region of N absorption the calculations and experiment match exceptionally well. It is also clear that
the core hole calculation provides the best match to the XAS data. The proportionality efape X
spectra to the density of states, along with a successful nobdbe excited state, allows for a
determination of the band gap. The band gap is defined by the energy difference between the onsets of
the valence and conduction band densities of states. To determine the valence and conduction band
onsets, the second rdatives of the XES and XAS spectra are taken, respectively. The band onsets
are taken to be the first peaks above the noise level at the upper edge of the XES and lower edge of the
XAS spectra, as indicated with red arrows in the bottorkigfire 2 This gives an experimentally
determined gap of 4.33 + 0.20 eV. Applying a Dédrived correction for the effect of the core hole
(the calculated energy difference between the CB onset in the ground and excited states) and
nonequivalent site splitting of 0.51Veto the band separation provides an accurate band gap
measurement. In this way the band gap of LCMS is found to be 4.84 + 0.20 eV. The main
contributions to the error is the uncertainty in energy calibration when bringing emission and

absorption energig® a common energy axis. It should be noted that in order to avoid influenge of N
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emissions in the determined valence band onset, the second derivative of the XES spectrum excited at
400.11 eV has been used, as nonill be excited at this energy. Thertabutions of N to spectra
excited at higher energies is evidéhThe calculated band gap for this system is 3.04 eV. This
underestimation is typical and can be improved upon by using the mBJ excuarejation
potentid.*® In this case a band gap of 4.15 eV results, in much better agreement with experiment.
Comparing the measured and calculated spectra for BLASgiire 2 it can be seen that there is
again excellent agreement. The core hole effect is somewhat overestimated and leads to the usual
conclusion that the band gap given here will represent an upper limit. Using the same methodology as
above the band gagf BLAS is found to be 4.82 + 0.20 eV. The calculated band gap using the GGA
potential is found to be 3.26 eV, and the band gap resulting from use of the mBJ potential is 4.43 eV.
Given that the mBJ potential is expected to be accurate to within aboutti®%greement here is
good. The experiment and calculations suggest that the band gaps of LCMS and BLAS are nearly
identical, with that of BLAS perhaps being slightly larger by a few tenths of an electronvolt. The band
gaps measured here are in good agesd with those from optical measurements in the literature,
which yielded band gaps of about 4.6 eV for each saffiple.
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Figure 2. X-ray emission and absorption spectra of BLAS. The XES (left) and XAS (righsharen alongside
DFT calculations, while the second derivatives of the 400.11 eV RXES spectrum and the XAS spectrum are

shown in the lower panels.

3.2.2.4 Density of States and Band Structure

Given the good agreement between the experimental and calculated sjpscivarthwhile to look
at the density of states (DOS) of each system in order to try to develop a deeper understanding of their
electronic structures. In particular, why these materials, despite having different compositions and
crystal structures, hav@milar band gaps. Further, why LCMS has a relatively large band gap when
compared to the compositionally similar phosphor SMS. The band gap of the latter, which is 3.28 +
0.20 eV, is detrimental to the efficiency of it ¥  d4f° emissions when dopesith EL#*."® In this
case both LCMS and BLAS have band gaps similar to the ultraefficient phosphor SLA, which has an
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elemental composition similar to BLA®.The similarity, and subtle differences, of all of these
compounds make their comparison very informative.

The density of states of LCMS and BLAS are showrfFigure 3 The DOS of LCMS can be
considered first. Gross features of the DOS aiiéecgimilar to SLA and SM$*® The N p-states
dominate the upper VB. There is a strong presence ok8&ites in the middle VB arsistates towrd
the lower VB. The Sp-states are also strong in the middle of the CB. These features are characteristic
of strong Npi Si sp’ hybridization, as seen in SMS. There is comparatively little presence of the Mg

states, which is due to it being largely ionized. The lower CB is dominated by thesta@tes. It is

common for the alkaline earth iorstates to contribute heavily to tremler CB*#%°

254 Cal d Si2 p LCMS

>, T—Mg2p—Li2p

\: 2.0 N1p

£15]

kS

}_.Vj 1.0 1

< -

& 0.54
0.0 A sl na NN
2.0{BLAS Bal d Ba2 d|

——Sil p—All p
Lilp——NIp

States/atom/eV

Energy (eV)

Figure 3. Calculated density of states for LCMS (top) and BLAS (bottom). The structures derived from XRD
were used for both.

There is again tremendous similarity between the gross features of the DOS of BLAS and the other
systems being discussed. There is evidence for strong interaction betwpesiatés andsp™-
hybridized Si states. Similar to LCMS, the Bastates are dominanh ithe lower CB. There is a
noticeable presence of the Li states near the nonbondimgthtes at the upper edge of the VB, as
well as higher in the CB. This implies relatively weak orbital overlap and that the Li is largely ionized.
The Al states show theame general structure as the Si states. However, their intensity is lower than
the Si states, which is to be expected from the lower electronegativity of Al. It can be concluded that
the Al states are also modeled welldpy hybrids, though their bonding with N is slightly more ionic.

Ignoring the alkaline earth cations for the moment, all other cations that are contributing to the
network structure are tetrahedrally coordinated by N atoms. The DOS support the intuitimehradtio
in moving along the sequence Si Y Al Y Mg Y
approximation of local Sphybrid orbitals becomes less appropriate for describing the DOS. Indeed,
the coordination of Li is not even tetrahedral in BLAS, butthashigher coordination that is expected
from more ionic bonding. The strong bonding between Si, Al, and N leads hylsjdization of the
Si and Al, but also leads to Si and Al playing a prominent role in determining the orbital character at

the N sites Careful analysis of the relative intensity of nhonbonding-digtes for the nonequivalent
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sites, and contributions to different regions of the VB and CB support this réatlitg. influence of
the Mg and Li will be secondary.

A few final points are worth noting. The welkfined peaks in the N-states in the lower VB of
BLAS suggests that the covalency of its lattice is slightly higfmam in LCMS? This is supported by
the red optical emissienfor LCMS, which must also stem from the smalleii Ewistance and
consequently higher crystal field splittiftf* The analysis of SLA and SMS in the literature would
suggest that the band gap of LCMS should be much smaller than that of BLAS. It has been found that
the band gap of SMS is small as a result of the small energetic separation of theamdigN p-
states® The band gap of LCMS is about 1 eV larger than that of SMS, despite containing Mg. The
central problem in need of explanation here is whether Mg still limits the band gap of LCM$, and i
so, why it is larger than in SMS. There are two phenomena that offer an explanation, both related to
the N' Mg separation in the two materials; it is much smaller in LCMS. This is quite natural, as one
generally expects a reduction in bond lengths if Emallkaline earth metals are used, here Ca as
opposed to ST The reduction of the NVig bond length will increase the boadtibond splitting,
which in generaVaries as the square of the bond lerfgths well, the incresing covalency of the N
Mg bond will drive the hybridization of the Mg andp-states, leading to orbitals that more closely
resemble sphybrids. This also increases the energy of the unoccupied Mg states. These two effects in
concert can account for tHend gap increase seen in LCMS, when compared to SMS. Given the
comparatively high energy of QGhstates, one still expects the CB minimum to be determined by the
Mg states, though the presence of the emptied-dtates should be born in mifftf® From the
analysis of SLA in literatur®?® it can be expected that BLAS should have a band gap about the size
of SLA, which is seen. At the same time, one would also expect that the CB minimum will be
determined by the Bastates. The DOS are suggestive of this, but it is worthwhile to viewathe b

structures of these materials in order to get a more detailed view of their electronic structures.

3.2.2.5 Band Structures

The calculated band structures of LCMS and BLAS are showfigare 4 The lowlying
conduction bands of both materials are largely caegoof the alkaline earth-glates, with one
exception in LCMS. The lowesying conduction band is of predominantlyclsaracter. This is in
keeping with the idea that the tetrahedral cation sites, Mg and Li, will determine the CB minimum in
this material. Thus, BLAS is a type | material like SLA, and LCMS a type Il material like SMS.
Materials are, according to Dorenbos, designated as type | if those alkaline earth ions that will be
replaced by rarearth ions determine the CB minimum, and type Il mategherwise? It is also
interesting to note the curvatuséthe bands at the VB and CB edges of LCMS. The low lyibgrsl
of LCMS has a high curvature and therefore should have a relatively high electron ridbility.
However, relatively low particle mobilities can be expected at the VB maxima of LCMS. This is to be

expected with the VB maxima determined by the nonbondingstates. Both have indirect band
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gaps, which should be conducive to high quantum efficiency; indirect band gaps discours@e CB
transitions for the Eii emission. The VB maxima of LCMS and BLAS are atthe land Mpoi nt s,
respectively. Likewisethe CBii ni ma are resfectively at G and

Energy (eV)

k-path k-path

Figure 4. Calculated band structure of LCMS (left) and BLAS (right). Theharacter states are plotted for
LCMS, where the thickness of the lines in the plot indicates the relative contribution e$tttesstahe total
DOS at each point.

3.2.2.6 RXES

There are two main phenomena leading to the variations in spectral shape of the RXES spectra in
Figures land 2: resonant inelastic Xay scattering (RIXS) and nonequivalent site excitation. The
former manifests itself as peaks at some energy loss below the elastic scattering peaks, which results
from the creation of, or scattering from, quasiparticles. They casebr to follow the excitation
energy, as indicated by the elastic scattering peak itself in the energy region from about 395 to 405 eV.
The exact elastic peak energies will be given by the excitation energies shown above each spectrum.
The low energy RIX&®xcitations present in the spectra will be discussed in another contribution. The
RXES shows up as changes in the shape of the comstargy fluorescence spectrum, which is
proportional to the DOS of the states involved. It is the changes in the dhiduie apnstant energy
portion of the spectra that are of interest here. It can be seen in the above figures that there is little
change in spectral shape for most spectra excited above 398 eV, implying all nonequisiiesbke
excited in rough proption to their concentrations, as with the NXES spectrum. There is an obvious
change in shape for the lowestergy excitation at 397.89 eV. The spectral shape is clearer in LCMS,
and so it will be the point of focus. Figure 5this spectrum is shown algside several models.

Usual explanations would be that either the variation in spectral shape is due to nonequivalent site
excitation or crystal momentuoonserving RIXS. Here, an accurate explanation is offered by the
DOS of the tetrahedral catiorstates, when they are compared to the measured spectrum. It would
seem that the spectral shape is directly proportional tes-tate density of Mg and Li. This is

reminiscent of the results for RIXS in molecular systems, where the transitions are goveurgthby
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symmetry:**’ Keeping in mind that the DOS calculations suggest the CB minimum of LCMS is
associated with the same states, this RXES excitation is clearly the result of excitation tqpthe (N

[IMg/Li s* and deexcitation from the |Nb0+ |[Mg/Li sastaes. This strongly reinforces that the CB

minimum of LCMS is determined by the Mg and Li s-states. To exclude alternative explanations,
nonequivalent site excitation and momentcomserving RIXS are considered in turn. The calculated

spectra for nonequalent site excitation are shown in the middle panel of the figure and show little
variation in spectral shape, in keeping with the experimental spectra in earlier figures. Clearly
nonequivalent site excitation does not describe the spectrum. As floctimserving RIXS? it leads

to emission from only those states with the same crystal momentum as the state to which the core
electron was excited. A calculatidnor t hi s type of emi ssi on, assum

shown in the lower panel of the figure. Again this offers little explanation of the spectral shape.
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Figure 5. Top: select calculated DOS of LCMS. The RXES spectrum excited at 397.89 ¢hidvi; as the

shaded gray curve in each panel. Middle: calculated RXES spectra for excitations over the first 8 eV of the CB,
which form a contour plot. The spectra are derived from weighting the contributions from nonequivalent N sites
by their relative bBsorption intensities at each inciderntra§ energy. Bottom: spectra due only to those states

near the U point.

Based on this and the preceding discussion of the DOS and band structures, the energy level diagram
in Figure 6has been constructed. It is bdsen atomic term energies and is simply qualitative, but
summarizes the energetic ordering of states for LCMS and BLAS in a useful rfafherutility of
such a diagram is rooted in the linear combinations of atomic orbitals model of electronic structure, as
well as the general importance of nearest neighbor bdmd®rming electronic structures in

solids?>?%%!
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LCMS BLAS

Figure 6. Energy level diagram for LCMS and BLAS based on tabulated term energies and the orbital mixing
described abov#.

There has been a sustained push to develop new phosphors, with new electronic structures and thus
new emission and absorption properti&s® Nitrides have fostered particular interest, as a result of
their structural variation and demonstrated eminent luminescence propgidsis well-known at
this point that the band gap and relative positions of intragap states are kayiggppelding sway
over the luminescence characteristics of a given matéfiaf. The ability to predict or understand the
band gap and positions of energy levels in the gap is invaluable, as is an understahgirgfett of
elemental substitutions, which are generally applied to influence luminescence prpeiiesn lies
the importance of studies providing accurate band gap measurements, linked to the underlying

structuré property relationships of the material.

3.2.3 Conclusions

The band gaps of LCMS and BLAS have been found to be 4.84 + 0.20 and 4.82 + 0.20 eV,
respectively. They therefore have the large band gaps that are a prerequisite for efficient emissions
from the EG" dopant. The DOS of the nonequivalent N sites show only small variations in intensity
with energy, which suggest they will have the narrow emissions that are desirable in the next
generation of LEBEphosphors. LCMS has been determined by RXES measurements Fahd D
calculations to be a type Il material, while BLAS is a type | material. Importantly, this designation
predicts their properties, such as changes in their band gaps and thus TQ characteristics, under doping
and use as the base of sadmlution series fotuning optical properties. Finally, it has been clarified
that LCMS has a large band gap when compared to SMS because of its deciddgeskparation
that drives orbital hybridization at the Mg site, and increasedilaonidbond splitting. It is clear &t
both of these materials have high potential for use as phosphors, or as the conceptual parents of

phosphors, in the next generations of kafficiency phosphors for sohstate lighting.
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vB This study presents direct

measurements & E energy levels, critical to the color and efficiency of LED phosphors. For the first
time, we experimentally determine the energetic separation dEuh&l state and the conduction

band, which is the key indicator of quantum efficiency. This was achieved for thgeredation

pcLED phosphors LCa[Mg,SiNg:EU?*, BalLi(Al,Si)Ng:Eu?*, and Sr[LiAEN,:Eu** using
resonant inelastic Xay scatteringBand to band andf4o valence band transitions are directly
observed in Xay excited optical luminescence spectra of Sr[iM):Eu** and Sr[MgSiN,]:Eu®".

These techniques are widely applicable and create a comprehensive, experimental picture®df the Eu
energy levels in these compounds, leading to a complete understanding of all pertinent electronic
processes. This study forms the base needed for a detailed discussion of the igirapentg
relationships, such as specific atoms, coordination andtgerisstates, underpinning phosphor color

and efficiency.
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3.3.1 Introduction

Phosphotconverted light emitting diodes (pcLEDs) are positioned to significantly reduce global
energy consumption, as they stand to become the dominant commercial lighting techmtileghear
future This trend is enhanced through the tailorability of pcLEDs enabled by combining different
phosphors emitting throughout the visible spectrum, as well as improvements in device architecture.
® There is extraordinary interem efficient and narrovband red phosphors, which reduce energy
consumption and allow high color rendition (CRI,, R90)! Recently, the red emitting
nitridoduminate Sr[LiAEN,]:Eu** was developed, promising an increase of 14% in luminous efficacy
when compared to state of the art high CRI LEDs.

The synthesis and characterization of band emitting LED phosphors has become a vibrant research
domain, and many advances have been made in understanding the useful and diverse properties of
phosphors. Rare dhar (RE-doped materials have received particular favor for their tunable and,
oftentimes, efficient emissions throughout the visible spectfiihThe luminescence of interest in
Eu*-doped phosphors is due to thé'8° Y fAtransition. The participation of thed%eads to their
tunability and eminence as negeneration phosphors. The crystal structure of the host material
strongly influences the energetic position of tliestate, responsible for emission tailoring, by two
factors. First is the nephelauxetic effect. With N allowing a movalent bonding, a smaller energetic
distance between thed®f® and the # is obtained, leading to a resthifted emission compared to
ligands O or F. Second, the ligand crystal field splitting (CFS) is strongly dependent on the
coordination of the dopaniThe larger the CFS, the stronger the red shift of emission. This is in
contrast to the more localiz&kE 4f states, which are not influenced by the crystal structure. Emission
of EU**-doped phosphors, as an example, where emission is only ddestatetransitions, gives
technically less relevant line emission. Theatates are mainly localized and therefore miss the
possibility of tailoring emission properties.

The high variability of the excitedd®nergy state makes the struciymeperty relationslips leading
to efficient emissions and stable compounds complex and difficult to model. It is of the utmost
importance to understand these relationships in order to expedite the discovery and engineering of
new, desirable phosphors. It has long been urmwighat the band gap plays a significant role in the
efficiency of phosphor$™*™® However, the problem is multidimensional and has been pursued
aggressively, albeit largely empirically, in many earlier wérks® There is therefore a relatively
strong empirical framework in place for predicting the energetic positions BEHéand Sl states in
a general way in the band gapisluminescent materials. It is the interplay of the locations of band
edges of the host material and the eaeth ion states that leads to the manifold luminescence
properties in these compounds and, critically, phosphor efficiency througtdithensliction band
(CB) separatiod!®*® Dorenbos showed that thermal quenching (TQ) is caused by thermal excitation
of the T electron to the CB, refuting other discussed mecharfisihe knowledge of the precise

location of theRE 5d states is therefore indispensible, and this precision has to date eluded the
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aforementioned empirical methodS.he i CB separation has most often been estimated
semiquantitatively and indirectly by referring to TQ data. TQ measurements of a phosphor give an
overview of the emission intensity loss at elevated temperatures. Most important for application in
LEDsisa phosphorés strong emission up to 200 AC,
data are often not reliable, as they strongly depend on the purity of the investigated sample, since
defect states lead to an augmented TQ effect, e.g., by trappeigctrons. Direct measurements of

RE state energies are completely lacking, as only few are accessible through standard optical
spectroscopy experiments. This is especially so for the Eistate, as it is an excited state and
therefore not accessibly standard methods.-bay spectroscopy techniques allow the measurement

of these state energies and therefore are a powerful complement to optical studies. In this work, a new
method to experimentally determine the energetic positions of thel Elatgéds described, leading to

a complete and comprehensive understanding of all processes involved.

This study of nexgeneration phosphors Sr[LiN,:Eu?* (SLA), SHMgSiNJ:Eu?* (SMS),

Li ,Ca[Mg,SiNg]:EU?* (CLMS), and Ba[Li(Al,Si,)Ng]:EU*" (BLSA) uses resmant inelastic Xray
scattering (RIXS) and Xay excited optical luminescence (XEOL}?*?* The samples themselves
represent a cross section of the current feonith the development of luminescent materials, each
possessing ideal characteristics for application in pcLEDs, ranging from highly efficient emissions, to
narrow band emissions, to emissions in different spectral regions. SMS exhibits the narrowest
emis$ on b ang w618 nmifwhih®43 nm, 1170 ci) of any EG*-doped nitrides discovered

to date but also shows insufficient thermal quenching (TQ) behE\&rA is an attractive phosphor

for industrial application, as it shows narrtsand red emission at 650 nfawbimD 50 nm, 1180 cf)

and asuperior reitive quantum efficiency (QE)95% at 200 °C.Narrow-band red emitting CLMS

( @ = 638 nm,fwhmD 62 nm, 1510 cii) shows high TQ despite a sufficiently large band Jap.
Green emit {,F 583 nmBWh®R57 ire; 1960 ci) exhibits a relative emission intensity

of D70% at 200 °C° These phosphors are therefore compelling for this investigation, as they all have
similar crystal structure characteristics, with slight differences leading to widely varying properties.
The depth to which the origins of these properties are understotes wnsiderably. Emission
efficiency in particular is a quagmire, being highly dependent oREenergy level relative positions

to others in the host lattice and heretofore difficult to measure.

The energetic separation between the 5d and conductiod the key parameter determining
thermal quenching behavidrin each sample is measured using RIXS. This adds a new aspect to the
RIXS method that is used to identify quasirticles such as magnons and orbitons, which are
otherwise difficult to observ&. Additional energy states are probed with XEOL, allowing
confirmation of the previously reported band gaps of SLA and SMS, as well as theeneaduof
intragap states that are typically not observed in optical spectroscopy measurements. The direct
measurement of rare earth energy levels on almasase basis provides the foundation needed for a

detailed discussion of the structipeoperty réationships that lead to exceptional phosphor
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performance. This work also demonstrates the wide applicability and power of RIXS and XEOL for
understanding and directly measuring key phosphor properties, highlighting their potential to become
prominent expemental techniques in phosphor research. These highly suitatdg dechniques are

not an obvious choice for phosphor research since ttrey nergies are far from the energies of the
optical transitions.

3.3.2 Results and Discussion

3.3.2.1 Determination of the 5dCB Separation by RIXS

In this section we introduce a new experimental method to obtain detailed information on RE energy
levels by synchrotron Xay spectroscopy. Resonantray emission spectroscopy (RXES) and
corresponding Xay absorption spectroscopy A%) data were collected at the Nd€ige for CLMS,
BLSA, and SLA. Low excitation energy, resonantay emission spectra are displayed-igure .
The principal characteristic of XAS spectra is that they are roughly proportional to the unoccupied
partial density of states (DOSJ,and at the N Kedge the XAS spectra are proportional to the
unoccupied densitgf p-character states. There are two main effects noticeable in the RXES spectra.
First there are the variations in spectral shape that result from the excitation of nonequivalent N sites
in each sampl& This is the strongest contribution to the spectra; it simply gives information about the
VB density of states of the nonequivalent N sites. Here the focus will be entirely on the, secmnd
subtle observable phenomenon: the RIXS. This process appears as subsidiary peaks at energies just
below the elastic scattering peak. They represent energy losses of the inerdgsttX lowenergy
(optical) excitationg? This portion of the spectra is shown on an energy loss scilgure b.
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Figure 1. Resonant Xray emission and absorption spectroscopy measurements. (a) Resenagnéission
spectra (left) and absorption (right) at the Nedge. The 398.20 and 398.89 eV excitations are marked on the
absorption spectra as gray, vertical lines. (b) Comparison of the RIXS spectra on an energy loss scale. The peaks
from a leasssquars fit of two Gaussians to the RIXS are shown as black (elastic) and cyan (loss feature) curves.
CLMS (orange), BLSA (green), and SLA (red) spectra are shown.
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Excitations using at least two different incidenta§ energies are shown for each sample, otieeat
CB onset and one at a slightly higher energy. For SLA, data were also collected for an undoped
sample (SLA*), and one spectrum is showrFigure 1 Unless explicitly stated otherwise, the’Eu
doped samples are those to which the discussion refeast Excitation energies are indicated for
each RXES spectrum. There are two spectral features in each of the doped atagkasally
scattered radiation and an energy loss feature. We will show in the following that the energy loss
arises due to excitans from the rare eartld3evel to the conduction band.

The fit results and uncertainties derived from the fitting are givarable 1 As opposed to quoting
theEpval ues for each peak and samplEgxs=Hi &, ,&sSner gy
given for each s ampHEgvaluesdenveddrommtpeathieimal @uenching KT) o
data on each sample are also givefiable 1 The TQ data and the fit of a typical Arrhenius curve to
thedatdwhi ch was us eEd vdlues imothe table, are shaweRigue 2. Experimental

details and details of the fits to the T@ta are given in th8upporting Information
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Figure 2. Thermal quenching behavior. (a) Fits of standard Arrhetyips curves to the thermal quenching data

of SLA, BLSA, and CLMS; (b)AE coordination by N in SLA (violet), BLSA (blue), and CLMS (orange);

shortestAEi AE distances given in A.
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In the cases at hand all N atoms coordinate with alkaline earth metal ions, or tharttar@opants
that occupy some of those same sites. Due ttthelopant concentration®1%) it is also likely that
most N atomswill coordinate with at most one rare earth ion. When combined with previous results
showing that the CB minimum in many phosphors, including SLA, consists largely of alkaline earth
metald-states>*? it is seen that thRE5d to CB transition is effectively a REH%  Md (M = Ca f
= 3), Sr o = 4), Ba 6 = 5)) transition. It ca therefore be proposed that the energy loss in the low
excitation energy RIXS spectra is due to tkeEB transition in each material, which is analogous to
an orbital excitation. This also agrees well with previous work usingeddé RIXS to study intgap
states in W@ where the defeeissociated energy loss was strongest when exciting at the band edge
and the intensity of the peak also scaled with the defect concenffafibe.defect concentrations in
this WG; study were similar to those of tiRE dopants here. One would also expect the peak intensity
in the case at hand to scale with the degreei &tE\brbital overlap, and thus thHeE ligand dstance.
The relative peak intensities iigure b decrease from CLMS to SLA to BLSA, in accordance with
theRE ligand distances.

Table 1. Comparisonof the Standard Deviationsly( the elastic peakfl, the inelastic peak) and peak

Separations from th€its Shown in Figure b

sample Gi(eV) G2(eV) oErixs (eV) oEro (V)
CLMS3989 0.155 0.4 0.46+0.03 0.49+0.03
CLMSsp011  0.129 0.375 0.370

BLSAz0s80 0.115 0.347 0.37+0.03 0.253+0.008
BLSA4011  0.120 0.355 0.338

SLA3gs.20 0.205 0.464 0.2+0.1 0.291+ 0.009
SLA* 395 60 0.210 0 n.a.

SLA401.30 0.211 0.302 0.353

# The 5d CB separationglerived from least squares fits to TQ
data for each sample are shown in the far right column for
comparison. A full explanation is found in th8upporting
Information The TQ data for SLA has been reported
previously”*?> The undoped SLA sample is denoted as SLA*.
Excitation energy is given in eV (subscript).

Further support is provided considering the effect of increasing the excitatimmesnglightly, as
well as by comparing to the data for the undoped SLA sample. The low energy excitation for undoped
SLA shows no energy loss feature and an elastic peak with a width that corresponds to that determined
from the fits for the other sampleBhe only difference between the doped and undoped SLA should
be the E&' dopant, correlating the energy loss feature for low energy excitations to the doping with
Eu. The 401.30 eV excitation of SLA and undoped SLA &asporting Information Figure) is then
interesting to consider. The spectra, including the energy loss peak location and width, are identical.
The energy loss at higher excitation energies therefore cannot be due to the Eu dopant. Combining this
with the observation above that a differenergy loss is seen for all samples between the low and the
high energy excitations and that the higtergy excitations show similar energy loss for all samples
suggests another mechanism is responsible for the energy loss in the latter cases. Thassrfergy

the low energy excitation varies sample to sample, as would be expected fdr @& geparation.
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The constancy of the energy loss at excitation energies increasingly above the CB minimum is well
explained by losses to phonons. It is known thatghonon density rises rapidly over the first few
tenths of an eV above the CB minimum and quickly dominates the RIXS spectrum at ligantf edges.
This explainghe quenching of thedbCB energy loss peak with increasing excitation energy and the
differences between SLA and undoped SLA, as well as the differences between samples. Combining
this with the good match between the energy loss of the low excitatiogyesgectra and what is
ideally the %ii CB separation derived from the TQ data provides strong support that these RIXS
measurements have indeed recorded tfi€B separation in SLA, CLMS, and BLSA.

This measurement is critical to understanding how thelatiste influences the RE ion, such as that
the 5 position is highly sensitive to its surroundings in contrast to tiséates. It is interesting to now
look at how the determination of thedi®°B separation provides deeper insight into phosphor
properties, by looking at the thermal quenching dat#&igure 2. It can be seen that despite its larger
Erixs CLMS shows more dramatic overall thermal quenching. Referrir@ufporting Information
eq 1 this is readily di Brgtheteasradréeeparametéyim tha DQIfitst i on t
which is proportional t oEddatemineoatwhattemzetature the TQe c ay
initiates, whileA determines the slope of the curve, determining how quickly the TQ becomes severe.
Now t Hgacan bepindependently determined, the platform is set to more thoroughly understand
ot her i nfl uenErg=s Egudthe infenceDf defects cagpbe inferred to be minimal in
the TQ of CLMS and SLA shown here. It follows that the TQ difference is due to intrinsic structural
characteristics of the samples. One expects transition rates between states on nearby atoms to be
proportional to the overlap of the participating orbitals and, thuREVAE (alkaline earth) distance.
In SLA the shortesAEi AE distance is 3.266 A, while it is 3.063 A in CLMS (Seigure D). The
crystal geometry allows the overlap af states ohearby metal centers and, in conjunction with the
last point, indicates that strong orbital overlap with neighboring metal sites causes & kande
increased TQ in CLMS.

3.3.2.2 Optical transitions Provided by XEOL

In this section XEOL (Xray excited optical luinescence) is used to investigate additional optical
transitions in the nitride materials. XEOL spectra excited at the Ftelige for all the samples being
considered here are given Kigure 3 XEOL data for the Byedge are discussed Bupporting
Information Discussion S3he spectra are divided into regions A, B, and C for ease of discussion.
Region A is due to thed5f° Y fAtransition, in agreement with the literatdré? It is the emission
in the visible spectral region that is usually observed in the optical spectroscopy studies of the
investigated phosphors. However, the peaks in regions B and C are not usually observed in the optical
spectroscopy data, excited with éllight.

The emission peak in C is only seen in the undoped SLA sample. Given its energetic location and

shape it can be assigned to thei @ence band (VB) transition in the samptéThis should only be



66 3 Narrowband emitting Nitridosilicates Investigated 8ynchrotron Xray Spectroscopy

observed in a high quality sample with few relevant intragap defect states. It can lodexticat the

defect concentration in the undoped sample is low and that the Eu states will represent the only
relevant intragap states in SLA. Note that this peak is absent in all doped samples, indicating that the
Eu states become the preferred pathvemyelectrori hole recombination whenever present, which is

an ideal characteristic for an LED phosphor.

The emission feature in B is only seen in SLA, which based on the results for the undoped sample,
should be attributed to Eu states. Given their eniergesition it is reasonable to assign the peak to
4L Y fAtransitions. This would constitute a metal to ligand charge transfer (MLCT). The broad
peak is fit well by a sum of Gaussian curves. These are in keeping with the expectations for the
energetidocations and widths of charge transfer peaks involvirgtates in materials doped wiRk
ions® To assign the peaks in B to particuléstates, the oxidation state of the Eu must be considered
in conjunction with the #occupation, since they determine the relevant state enéfgiksan be
inferred from the band structure of SLA that the hole mobility in the VB of SLA will be lower than the
electron mobility in the CB. This gives rise to the sequence of possible transitions sheigure 3
and further described in theupporting Information Discussion SWith the initial trapping of an
electron by the Eudstate, a MLCT of the form Bu+LY E'w o wi |l |l occur, where
rise to one of the peaks in regiBnlt is most likely that the Belectrons are in thé configuration of
the 4° states. The transitions in the diagram are labeled to match the observed peaks in the optical
emission spectra. This follows readily from considering the partial screening of stete$ by the
singly occupied 8, in conjunction with the measured width and energetic locations of these states in
the literatureg>>?

Further support is built for the preceding results by considering the XEOL measurements made for a
high quality, EG*-doped powder sample of SMS. The compound is known for its uniquely narrow
emissions in the red spectral region and similar crystal strutiu& A" The XEOL spectrum of
SMS is shown alongside the preceding specti@uipporting Information Figure. 2n addition to the
expected 8'4f° Y fAemission line, an emission peak in region B is seen. However, its shape is quite
different than the peaks seenthe SLA spectrum.

One expects the character of thestates in both samples to be approximately the same, due to their
rather atomic nature. Charge transfer (CT) features should therefore be quite similar. However, there is
a substantial difference baten SLA and SMS, their band gaps. This has already been correlated to
their drastically different thermal quenching behaviors. The band gap of SMS has been measured to be
3.28 + 0.20 eV in comparison to the 4.56 + 0.20 eV band gap of'S&omparing the 3.12 eV
spectral position of the peak in region B of the SMS spectrum to these band gap values and noting its
similarity in shape to the QB/B transition in the XEOL of undoped SLA indicate directly that this is
the CB VB transition of SMS, not a MLCT involving thd dtates.
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Figure 3. Determination of energy level structure with XEOL. Spectral regions are labeled as A, B, and C, with
the corresponding transitions indicated. The diagram in the upper right shows the sequence of transitions
expected to follow Xray absorption and also lead to the transitions observed. Path sl is a siniplB CB
transition, as seen in the undoped SLA sampléhsPa2 to s5 are the sequence facilitating elettrole
recombination in the doped samples. Straight arrows denote optical transitions, while curved arrows indicate

nonradiative transitions.

That the CBVB transition should be favored over th&MB transtion in SMS is clear from the
band diagram irfrigure 3 The overlap of the excited dtates with the CB, combined with the close
proximity of the SMS @ states to the CB, lead to the OBB transition being favored over the
sequence of decays seen in SLA. This not onlgnferces the band diagram constructed above but
also provides strong confirmation of the band gap measured witly Xpectroscopy? Further, it
solidifies why the thermal quenching of SMS is stronger than that of SLA; the excited states of the
Eu’" ion overlap strongly with the CB at elevated temperatures in SMS, due to itbanthijap.

3.3.3 Conclusion

3.3.3.1 Comprehensive Picture

SynchrotroAbased optical and -xay investigations conducted on ngeneration LED phosphors
enable the presentation of a more comprehensive picture of the physics influencing the overall
luminescence propertie$ Euf*-doped nitride phosphors, depending on crystal structure and elemental
composition. The & CB energetic separation in Sr[LiN,:Eu** (SLA), SIIMgSIN,:Eu** (SMS),
Li,Ca[Mg,Si,Ng):EL** (CLMS), and Ba[Li(Al,Si;)Ng]:Eu** (BLSA) has been determidethrough
direct measurement, provided by RIXS (XAS). The separations measured through RIXS for SLA,
CLMS, and BLSA are 0.2 £ 0.1 eV, 0.46 + 0.03 eV, and 0.37 £ 0.03 eV, respectively. The optical
bandto-band transitions were observed directly in undopked, &s well as in doped SMS. At the
same time, the doped SLA sample showed metal to ligand charge transfer features that are not usually

seen in optical measurements. This is a dramatic step forward in a field that often relies on empirical
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models to predit the location of excited ramarth states in the band gap of a host material. A
summarizing schematic illustrating the above points is givenFigure 4 This shows the
experimentally determined RE state positions in the band gap that heretofore baviargely
inaccessible. The details of the energy level determination are includgdpporting Information
Discussion S6 This thorough determination of dopant energy levels in the band gaps of these
materials gives the needed experimental basis forepat understanding of the struciymeperty
relationships that are critical for tailoring the luminescence properties of phosphors. Important
structural parameters that influence functional properties, such as emission color and thermal
quenching behavig are elemental composition, dopant coordination, interatomic distances, and the
density of states. In discussing thermal quenching properties ofssal&l phosphors there are two
principle considerations. F i infeidnced by the dleenents atshe mat e
edges of VB and CB. At the CB edge, these can either be the elements that form the base of the rigid
lattice, like tetrahedrally coordinated Li, Mg, Al, Si, Ga, or Ge, or the elements that fill the voids in the
network stuctures, mostly alkaline earth metals Ca, Sr, and Ba. Some of those elements cause an
intrinsic small band gap (¥4 eV, e.g., Ga, Ge), others allow large band gaps >4 eV that are crucial
for high QE. At the VB edge, the band gap is influenced by the D pstates. In former studies the
influence of crystal structure and elements on the host materials band gap wad'$ftWi. A

small band gap can be connected to high TQ, e.g., caused by excitvapggtig effects in the CB'

while a large band gap is usually connected to a rigid network structure and lbw TQ.

SHLIALNJEU?  Li,Cay[Mg,SiNgJEu?  Ba[Li,ALSi,NgJEU**  SrMg,SiN,JEu?"

A
Mg,Lis Bad
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Figure 4. Comprehensive picture of energy levels in frontier phosphors. Experimentally determined RE states in
the band gaps of SLA, SMS, CLMS, and BLSA. Band gaps of SLA and SMS are from the literature, and the
others are predicted from the results hetéli SLA, CLMS, and SMS exhibit red luminescence, while SMS
already shows strong TQ at ambient conditions, due to its small bad gap. BLSA emitsreethspectral area.

The Eu 5 states (red line) were added to the picture by RIXS analysis. XEOL investigations Sho® 4
transitions in SLA, resulting from a defect free crystalline compound a4 optical emission in all
phosphors. While the uppedge of the VB is largely influenced fromp\states in all phosphors, the lower edge

of the CB is either determined IAE d states (SLA, BLSA; Type 1) or tetrahedral centers Li and $vigates
(CLMS, SMS; Type Il). The valence and conduction bandsarfijure are labeled so as to indicate those states

which are the principal contributors, giving a full picture of all the states relevant to luminescence.
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Second, the influence of the elemental composition on the position of the intragap defect states is
responsible for luminescence. These additional energy states, which here is thet&e,5esulting
from doping withRE elements, and allowing band emission, are a crucial prerequisite for application
in illumination grade LEDE® The nephelauxetic effect and CFS largely influence the position of the
5d state, as described above. Up to now, it was not possible, except for indirect estimation from TQ
data or E&' charge transfer band and’E&di 4f emission, to determine the energetic position of the
Eu & state in the band gdpThrough acgisition of RIXS data on phosphors it will be possible to
connect the position of thedState, with respect to the band gap of the host material, directly to the
influence of the environment.

This newly employed method of determining thdi GB separationtands to revolutionize how
phosphors are studied and understood, while allowing the discernment of whether thermal quenching
is an intrinsic material property or if it can be reduced by optimized synthesis conditions and reducing
the concentration of defestates in the host material. That is to say that if tfi€CB separation is
determined to be large with RIXS, poor efficiency can be quickly tied to other influences, such as
defects or electron transfer between metal sites. This is a critical distiticibcan now be quickly
made and facilitates the assessment of a mater.
excellent example in the present case is CLMS, which has a ldi¢B5eparation. Coupling this
with its thermal quenching dafints to the nonradiative decay rate, as discussed i8upporting
Information is the source of its poor thermal performance. Analysis of its crystal structure then links
this to the small neareseighbor separation of the metal sites, an intrinsiteri@ property. This
disentanglement hinges on the independent determination ofiit@#8Separation. The methods used
here can be applied across the gamut of LED phosphors, Ied@®ed phosphors and £woped
oxides, and they therefore represenoaegrful tool for the quantitative and experimental analysis of
phosphor properties. Understanding the influence
Eu X level position allows a controlled synthesis of novel materials that possess deatreds,

while maintaining optimum cortt of emission characteristics.

3.3.4 Experimental Section

3.3.4.1 Analysis of Experimental Data

The energy loss in RIXS spectra is due to the excitation of electrons and quasiparticles in a crystal.
In Figure B the excitatiorenergy has been subtracted from the abscis$agure 1 moving the
elastic peaks to an energy loss of 0 eV. Typical energy losses range from <0.1 eV for phonons, to
DO0.1eV for orbital excitations, t®1.0 eV for crystal field excitations, and >1.0 eV é&harge transfer
excitations”®> Many of these transitions are accessible to optical spectroscopy, though some are more

effectively studied wh RIXS, due to the selection rules involved.
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It is critical to note that the fits to the data give the same elastic peak widths for all data collected
under the same beamline conditions. This is necessary for the logical consistency of the results and
supprts the accuracy of the fitting to the peaks showRigure b. This also immediately suggests
that any other breadth to the peaks must be due to inelastic scattering, which will be captured by the
second Gaussian peak included in each fit. Withabisistent result for the elastic peaks, the inelastic
peaks can be regarded as representative of real excitations in the samples. Inelastic peaks are seen in
all spectra except for the low energy excitation of undoped SLA. At the same time, the ensggy los
seen for the higlenergy excitations are about the same in each sample, while those for the low energy
excitations vary considerably. The energy losses seen for the high and low energy excitation in each
sample are thus also different in general.

To m&ke the identification of peak locations and widths as precise as possible, they have been fit
with a sum of two Gaussian distributions, with centegsand st andar d deviati on
Figurelb. The elastic peak and RIXS peaks will be referred th aitscripts 1 and 2, respectively.

The parameters were allowed to vary freely during the fitting procedure to minimize any bias in the
results.

RIXS measurements at ligand edges tend to emphasize intersite excitations, such as magnons or
orbitons, or betwen metal sites in a crystaf’ They have also beenet to measure the location of
defect states in the band gaps of metal oxilegich could be enabled by the same superexchange
process that makdigiand RIXS sensitive to intersite excitatiocii§lhe direct measurement of thei 5
CB separation will be unaffected by defects in the sampldgtaus represents a robust and generally
applicable method for determining this critical material parameter.

XEOL has proven to be a tremendously useful tool for understanding the electronic structure,
presence of defects, and luminescence propertieslids & It provides an opportunity to observe
luminescence not usually seen in optical excitations due to the high eldci®rdensity that is
introduced into the system during measurement. Contpithiis with the potential for sitgpecific
information inherent in XAS makes XEOL a formidable technitfueor the XEOL experiments the
basic experimental technique is to collect an XAS measurement as above, while also recording the
optical photon spectra emitted from the samplevatyestep in the raster sc&iThe SMS XEOL data
were collected in rapid succession with the above XEOL data for CLMS and BLSA. The data shown
here for SLA were collected on a separate occasion. In all cases the peaks observed in Region B of
Figure 3and Supporting Information Figur@ were found to be sensitive to sample decomposition

and, thus, defect formation.

3.3.4.2 X-ray Absorption Spectroscopy

The Xray absorption spectroscopy measurements were conducted at the Spherical Grating
Monochromator (SGM) Beamline at the Canadian Light Squrc&askatoon, Canad&The X-ray
emission measurements were conducted at Beamline 8.0.1.1 of the AdvancedSdigbe in

Berkeley, CA, U.S.A" The SGM beamline has a monochromator resolving power of about 5000 at
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the N K-edge, while the PFY spectra were collected using an array of silicon driftateteéEhe

XEOL data were <collected with the beaml* neds
Beamline 8.0.1.1 has a monochromator resolving power of 5000, and a Rowland emgfe X
spectrometer for collecting the emission measurements. The spectrometer resolving power is about

800 at the N kedge. The powder samples were prepared for measurement updar A
atmospheres. Once pressed into clean wafers of In foil, the samples were transferred to the vacuum
chambers used for the measurements. All measurements were conducteitiatt temiperature. The

data for CLMS and BLSA were collected under the same beamline conditions in rapid succession. On

a separate occasion the data for SLA, including the undoped sample, were collected under the same

beamline conditions in rapid succession

3.3.4.3 Synthesis

All sample preparations were conducted in arfiked gloveboxes (Unilab, MBraun, Garching; O
<1 ppm, HO <1 ppm) or in dry Schlenclype glassware attached to a vacuum liné*(@ar). This
was necessary due t o senhsitivty agdinat moistunegandrain Puwificatianlob s h i
argon (Air Liquide, 5.0) was performed by streaming of Ar through columns filled with silica gel
(Merck), molecular s ve ( Fl uka, 4 85%), R&AHR ot M%) adk fitanidm
sponge (JohnseMatthey, 99.5%) at 700 °C. All reaction mixtures were ground before placing in the
reaction vessél!

Sr[LiAl sN4] was synthesized in forming gas atmosphere (5%,)Hby heating a stoichiometric
mixture of LiAlH, AIN, and SrH. For the synthesis of Sr[LifN,J:Eu** (0.4 mol % nominal
composition), EuFwas added. The reaction mixture was heated in a tungsten crucible in a radio
frequencyfurnace (type IG 10/200, frequency 200 kHz, max electrical output 12 kW, Hittinger,
Freiburg) at a rate of 50 °C/min to a target temperature of 1000 °C and maintained for 2 h.

Sr{MgsSiN,J:Eu?* was synthesized with a stoichiometric reaction mixture of Sg\MgsN,, and
ASi (NH) The reaction mixture was -fumaea tndednitrogen a t ur
atmosphere. The temperature was raised to 1000 °C within 30 min, kept for 6 h, and subsequently
quenched to room temperature by switching off the furfrace.

Li,Ca[Mg,Si,Ng]:EU?* was synthesized under forming gas (5% Bt 1100 °C for 2 h. Starting
materials were a mixture of 5.531(131.4 mmol) of Call 5.611 g (40 mmol) of g, 1.393 ¢
(40mmol) of LisN, and 2.917 g (120 mmol) of Mg. For doping, EYE mol %) was added to the
reaction mixture. CaO secondary phase is removed by washing with ammonia $b6lution.

Ba[Li,(Al,Si;)Ng:Eu** was synthesized in a molybdenum crucible. A mixture of 11.553 g of
Bay 9AlSi:Eup 01, 1.394 g of LiN, 2.460 g of AIN, and 2.806 g of 8, was fired for 2 h at 1150 °C in
forming gas (5% k).*
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3.3.4.4 Thermal Quenching

TQ data were obtained with an AvaSgfin8 Spectrometer. For excitation, a LED light source
(450nm) was used. Samples were measured in a temperature range from 300 to 560 K with a step size
of D24 K, heated with an IR lamp
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Abstract. M[BeSpN,] (M = Sr,Eu), crystallizing in the
hexagonal space group62c, was synthesized from
Sr(NH,)2, B&sNa, and @Si GNMY) cruci bl es
N, atmosphere in a raddpequency furnace. The crystal
structure was solved from powdeiZXy diffraction data
by the chargélipping method (Sr[BeSNy: a =
4.86082(2),c = 9.42264(4)A, Z = 2; Eu[BeSiN4]: a =
4.85848(1),c = 9.41615(4)8). M[BeSiLN,] contains a
highly condensed rigid network of trigonal planar [BEN

units that are connected to,/Sj double tetrahedra by

common verticesM[BeSkN,4] (M = Sr,Eu) are the firsexamples of nitridoberyllosilicates and are

isotypic to the oxoberyllate Sr[B@,]. El**Zloped Sr[BeSN,] and Eu[BeSiN,] show orang@&rapped

exciton emissiong, = 605nm, fwhma 126nm), whereas Cé&tloped samples of Sr[BeSiy] show
nontypicalyellowishfrange luminescence. Sr[BaSi] has a | ar gldeVimadrshibwsg ap of
high chemical and thermal stability. £flopel beryllates with regularf25d™Y 4f’Zmission could be

interesting for future application in LEDs upon doping witlf'Ear Ce** due to large band gaps, rigid

networks, and chemical and thermal stability.
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4.1.1 Introduction

Solidatate host materials play a significant role in the development and improvement of LEDs, as
they allow the conversion of blue light to generate illumor@jrade white light. Phosphor converted
(pc)LEDs significantly reduce global energy consumptiord are already the most common light
sources in the global 1ighting nl4Fokapplicawninh a m:
pcLEDs, eligible phosphors need to fulfill challemgy requirements like high quantum efficiency
(QE) as well as chemical and thermal stability. Additionally, a transparent host lattice that allows
doping, for example, withRE elements like Eti and Cé&%, is required In particular, novel
redemitting phosphors with reduced emission in the IR range, exhibiting exceptional chemical and
thermal stability, need to be developed to improve Ziomg stability of pcLBs and further reduce
energy consumption.

As a materials' stability depends strongly on covalence and a rigid network structure, nitridosilicates
and Zluminates appeared as an excellent material class upon doping WithTEey grant higher
degrees of andensation, compared to oxo(alumo)silicates, due to the higher connectivity and larger
size of the nitride ion and are more covalent and, therefore, contain more rigid bonds, leading to an
increased nephelauxetic effécRedemitting (Ba,3),SisNg:EUW”* is already industrially applied.
Further investigations showed that with exchange of Si and Al by the light elements Li and Mg novel,
large band gap host materials for doping wRE became accessible: Recent examples are
SrIMgsSIN:EW?*,  Li,Ca[Mg,SiNg:Eu®*, Ba[Li,(Al,Si;)Ng:Eu** and CaMg][Li,Si,Ng]:Eu*,

Sr[LIAl ;N1 :Eu?*, and isotypic UBL[MgAIsN;J:Eu** > SrlLiAlNJ:Eu®, with exceptional
narrowdband emission, is a red phosphor used in recently developed pctEDFhe outstanding
luminescence properties of these phosphors are based on their rigid nitride networks containing
various tetrahedrally coordinated atoms.

Latest investigations on nitridophosphate materials showed that structures built of condensed PN
tetrahedra are promising sdfitiate phosphor$™ Furthermore, experiments introducing Ga and Ge
into tetrahedra network structures resulted in part in luminescence up@idping with poor QE due
to small band gapsS*’

Promising large band gaps are again predicted when Be is included in tetrahedral coordination in
highly condensed crystal structures. Due to the strong covalent charactédigai® bonds thatre
comparable to Al and Siligand bonds, rigid network structures allowing narfpand emission upon
REAloping could be accessiblg.great diversity of novel beryllate structures is expected, since there
are two known coordination modes of Be in sfltdte materials, namely trigonal planar and
tetrahedral coordination. In naturally occurring minerals, several stablessatied oxiés containing
tetrahedrally coordinated Be are well known. The most famous is the cyclohexabi#odf€ and its
varietiesgoshenitg(colorless) emerald(green), andiquamarine(blue), that are popular gemstort@s.
Oxoberyllates showing both, tetrahedral and trigonal planar coordinated Be, are, for example, layered
Nag[BesO.1] and Sr[BgO,] with a 3Ddhetwork structuré®?*
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Up to now, only few B&ontaining nitrides are described in the literature. The double nitride BeSiN
crystallizes in awurtzitedype superstructurenith chalcopyrite (sphalerite type) analogous cation
ordering®® In Li[BeN], layers of%[(BessNss)'] are connected by LiNtetrahedra, forming a rigid
network?® MBe,N, (M = Mg,Ca,Sr,Ba) compoundare classified as nitridoberyllates. MgBe
crystallizes in theantiZ.a,0; structure type and exclusively shows tetrahedrally coordinated Be. On
the contrary,AEBe;N, (AE = Ca,Sr,Ba) adopts the CaB structure type containing Be only in
trigonalplanar oordination by N, and both elements form planar® 48ts with edgg and
vertexahaing triangles™

In this contribution we present novel nitridoberyllosilicates with the composii@eSiN,] (M =
Sr,Eu). Their crystal structure is isotypic to that of the oxoberyllate SDfBeand the
nitridoalumoborosilicate $EEW, 1SiAILB,Ns.**** The crystal structure of Sr[B®, contains two
different Be sites. One site is trigonal planar, ttleer one has tetrahedral coordination by O. In
Sr[BeSiNg], the additional negative charge, when replacing O by N, is compensated by full
substitution of Be on the tetrahedrally coordinated site with Si. The remaining Be site with
trigonalplanar coordiation is not substituted.

Upon doping with Eti and C&", Sr[BeSjN, shows nontypical orange and yellowdstange
emission, respectively. Eu[BeSBi)] again shows emission in the orange spectral region. Crystal
structures were investigated by powde&ay diffraction methods. Elemental compositiomda
morphology were investigated by SEM, EDS, and complementarfJE® analyses. Optical and

electronic properties are investigated by luminescence and optical reflection spectroscopy

4.1.2 Results and Discussion

4.1.2.1 Synthesis and elemental analysis

Powder samples of Sr[BeSi]:Eu®*, Sr[BeSiN,:Ce*, and Eu[BeSN,] were synthesized in
tungsten crucibles in a rf furnace. Analyses of the products were conducted under an air atmosphere as
they have a proved stabilitypder ambient conditions and in é#rOH/glacial acetic acid mixture with
a 1:1 ratio. Beige powder samples of Sr[BBIGiEU** show red luminescence upon excitation with
highly energetic blue light. Powder samples of Sr[B¥g$iCe®* with a beige color eri
yellowishdbrange light. A BeN, sidephase wih usually lessthanwt % fracti on was ob
synthesis of Sr[BegW,] samples. Phagaure powder samples of Eu[BgSj] show a mustard yellow
body color and poor red emission, due to concentragioenching. Morphology and elemental
composition were investigated by electron microscopy, associated by EDS @imressive Xay
spectroscopy; Sr,Eu,Si,N,0) and complementary ZES (inductively coupled plasma optical
emission spectrometry; Sr,Eu,BB,Bivestigations. SEM pictures d[BeSLNy] (M = Sr,Eu) suggest
hexagonal metrics of the nitridoberyllosilicate compounds (Fi§dre Supporting Information).

Results of EDS and ICP analyses are compared in Bdhl8upporting Information. Complementary
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measurements agree within the accuracy of the measurement method, considering methodical errors,

when analyzing light elements.

4.1.2.2 Crystal structure determination

The crystal structure of microcrystalline Sr[Bg&j powder was elucidated on the basis of powder
XZay diffraction methods. A hexagonal umi¢ll with a = 4.86082(2) anct = 9.42264(4)A was
derived after indexing of a diffraction pattern of Sr[B#k]. Rietveld refinement was performed
using TOPARAcadenic V4.1.%° Sr[BeSiN,] is isotypic to Sr[BgD,] crystallizing in space group
P62c (no. 190). According to PXRD data, the same structural model is valid for EulBESI
Summarized crystallographic data of Sr[B&Rg] and Eu[BeSiN,] are given in Table$ and 2,
detailed data is given in the Supporting Information. A graphical presentation of the Rietveld
refinement of Sr[BeSN,] and Eu[BeSiN,] is depicted in Figurd. Atomic positions, bond lengths
and angles, and anisotropic displacement parameterslisieel in TablesS2 S5, Supporting

Information

Table 1.Crystallographic data of Sr[BeSl,] and Eu[BeSiN,].

Sr[BeSkNJ  Eu[BeSiNJ

Crystal system / space grot hexagonalP62c (no. 190)

z 2

Lattice parametersi{°] a=4.86082(2) a=4.85848 (1)
€=9.42264(4) c=9.41615 (4)

VI[AT 192.807(1) 192.489(1)

1 [g cmd 3.59707(4) 4.71319(6)

[a] Estimated standard deviations are given in parentheses.

Table 2. Atomic coordinates and isotropic displacement parameters of Sp[B&Si

Atom (Wyck)  x y z Ueq(A?)  sof
Sr(a) 23 13 14 00500 1
Si (4) 1/3 2/3 0.07014(1) 0.0500 1
Be () 0 00 1.08(14) 1
N1 (6g) 173 00 0.96(5) 1
N2 () 13 23 14 0.96(5) 1

[a] Estimated standard deviations are given in parentheses.
[b] sof = site occupancy factor.

Applying the Madelung part of the lattice energy (MAPLE) concept, the crystal structure of
Sr[BeSiN,] was compared to Sr[B8,].>” MAPLE values were calculated for each ion type and for
the enire structure. The sum formula Sr[Bd$j] was formally decomposed to the known ternary
compounds SrSiNand BeSiN.**?® The deviation of the total lattice energies (Te® Supporting
Information) of Sr[BeSiN| i s 1.8 %, compared to the,aadim of
BeSiN.. This proves fair electrostatic consistency with respect to the differing coordination of Be in
BeSiN, (tetrahedral) and in Sr[BeSl,] (trigonal planarf. The results are comparable to the MAPLE
value deviations that are found for Sr{Bg], when decomposed to SrO and three formula units of
Be O, giving a deviation of 2.6 %. e debrease ofethee n |
coordination of ¢ in BeO to @& in SrBe0,.%®

a |
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Figure 1. Rietveld refinement of a$r[BeSiN,] (CuK U radiation) and bEu[BeSjN,] (Mo K Y radiation) in
P62c. Experimental data: black line, calculated pattern: red line, and difference curve: green line; black

tickmarks: positions of Bragg reflections B[BeSkbN,4]. BesN, impurity (+) and unknown side phase (*) are

marked.
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4.1.2.3 Crystal structure description

M[BeSkN,] (M = Sr,Eu) crystallizes in the hexagonal space grB6@c and is isotypic to the
oxoberyllate Sr[BgD,].%* The structure is displayed in Figu2ecoordination of cations are illustrated
in Figure3.

Figure 2. Crystal structure oM[BeSbN, (M = Sr,Eu); SiN tetrahedra (turquoise), BgNinits (violet), Sr

(orange).

Figure 3. Coordination spheres of Si, Be, and Sr; bond lengths given in A.
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Trigonal planar [Bely units are connected by common vertices tgNgi units, built from two
vertexsharing SiN tetrahedra. Base areas of giBfrahedra, BeNriangles, and empty rings of three
N1 atoms form layers of equilateral triangles in the (001) plane. RegulBeRMlll angles of 120° and
their arrangement in the cryssdtucture lead to the highly symniethexagonal crystal structure. The
Bei N distance is 1.64 and is, therefore, comparable to known bond lengths in trigonal planar units,
for example, in SrB&, (1.63 1.67A).%* The Si N2i Si angle of 180° is rather uncommon, although a
linear angle was observed, for example, BaNd;Si;iN,; and LagSisN22][SION3]».2%*! The SiN2
distance is 1.68 and the SiN1 distance is 1.78, leading to a slightly distorted tetrahedron. Both
distances corresponalith typical values in nitridosilicate’s” The described ordering of BgNnits
and SjN; double tetrahedra leads to a mfioéd coordinated Sr site. Three N2 atoms are positigmed
the equatorial plane, with a N3 N2 angleof 120°. Six N1 atoms, three contributiegch from the
upper and lower layer, form a regular trigonal prism. Overall, SrfBRBiis the first
nitridoberyllosilicate and the first compound containing trigonal planXg Beits and tetrahedral &;
units X =N,0).

As discussed earlier by Funahashi alet in the crystal structure description of
Sh yEUB; 1,843l Naix (X <M >0.12,y <M > 0.10), two trigonal planar BNunits, which are
analogous to the BeNunits, can be exchanged by aMNi unit, leading to a higher degree of
condensatioi> While SkB,Si,Al.Ns is isotypic to Sr[BeSN,], an increasing Si content, combined
with reduced B and Al contents, leads to an increase of Sr ligands from nine, up to twelve. By
applying the Rietveld method, we have investigated if strigsctural change applies for Sr[B&$%i]
and Eu[BeSIN,] as well. However, refinement results gave no evidence for additional electron density

between Be atoms alorgThus,M[BeSibN,] is confirmed to be isotypic to Sr[B@,].

4.1.2.4 Luminescence

Microcrystaline samples of Sr[Befh,] and Eu[BeSiN4] show luminescence in the visible spectral
region upon doping WithRE elements Etf and C& (1 % nomi nal dopantd conce
shows excitation and emission spectra of SI[B&BEU"". Spectra of Sr[BdgN,]:Ce** are displayed
in the Supporting Information. Due to low quantum efficiency (QE), the spectrum of ff@#dned
sample is smoothed for presentation

The obtained EiiZontaining compounds are highly excitable in the UV to the blue spesgiah
with a8 400nm. Sr[BeSiN,]J:Eu** exhibits broadband emission in the orange to red spectral region
around 620m with afwhmo f 138n m 34@0cm' %) due to a large Stokashift. The luminescence
spectrum of Sr[BeSN,:Eu*" shows two distingulsable emission signals. Raw data and a
deconvoluted emission spectrum of Sr[BBGLEU*" are displayed in Figur§3, Supporting
Information. Two emission maxima are found at 584hma 87nm) and 65©m (fwhma 93 nm).
The ratio of both emission signalaries in different crystal agglomerates, as is shown in Figdre

Supporting Information.
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These nontypical luminescenpeoperties, identified by the large Stokes shift as well as the broad
luminescence spectrum with two observed emission signals were investigated in detail by
temperaturglependent luminescence measurements, displayed in Bufupporting Information.
Sr[BeSibN,]:Eu** shows a significant spectroscopic redshift of emission at low temperatures. Up to
100K, nearly identical spectra with a maximumagt, = 670nm with fwhm& 112n m  Z560cm’ %)
are obtained. Above 100, emission was shifted towards 6@, with an increaseidvhmof 121nm
( 8030cm ). With rising temperatures, the relative emission intensity first increases abo¥e 100
and then decreases. The luminescence properties and the complex thermal quenching behavior of
Sr[BeSiN,:Eu** is, theefore, similar to that of the nitrithagnesoaluminates angilicates
M[Mg.AI N,:Eu** (M = Cai Ba) and Ba[MgSiN,]:Eu*, and can be explained by nontypical trapped
exciton emissiof?’ At low temperaturesT( O 1 (KP emission was observed in Sr[Bg$iJ:Eu**
resulting only from a trapped exciton state, whereas normakmission from the f45d" state was
additionally obtained at temperatures >X0The increase of relative emission intensity occurs due to
arising 4°5d'Y 4f’ emission next to the trapped exciton emission, whereas the decrease of emission
above 20K is assigned to thermal quenching of thgular EJ emission.

When EU 5d levels are located close to the bottom of the host lattice conduction band trapped
exciton emission has been observed repeafédiyapped exciton states are stabilized by large
coordination number s O8#opantiigand disgtancd&*hThis ghenanenbn i ncr e
frequentlyoccurs in Ba compounds, but extraordinarily long\8distances >2.8 and a coordination
number of nine in Sr[Be&,] explain trapped exciton emission in this case.

The spectral luminescence properties ofZetitting Sr[BeSiN,J:Eu*" are comparable tthose of
other Ed'Zloped nitride phosphors, for example, (SrBaNg:EW" (asm = 5901 625nm; fwhm &

2050 2600cnT Y)** and (Ca,Sr)AISINEW (asm & 6101 660nm; fwhma 2100 2500¢nT ).
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Ce*Zoped powder samples show broadband yelldyisinge emission, ranging from 500 to
the IR region, covering nearlye entire visible spectral range (Fig8@, Supporting Information).
Sr[BeSpN,J:Ce* is excitable with UV light. The broadened emission signal was explained by the
overlap of two emission signals due to the split ground state*5irC&s,, andF;,,. Additionally, for
Sr[BeSiN,]:Ce* trapped exciton emission was also expected due to an observed large Stokes shift.

4.1.2.5 UV/Vis spectroscopy

Sr[BeSpN4] was investigated by UV/Vis reflectance spectroscopy for band gap determination.
EuvZoped and nondopedamples were analyzed. The reflectance spectrum &tZiBped
Sr[BeSiNg] (FigureS 7 a, red | ine, Supporting I nformati on)
280nm gives an estimated band gap of approximatehe¥.4The intersection of two line tangents
gives the experimental value. Additionally, a broad absorption band was displayed in the orange to red
spectral region. This band was attributed to t¥ 4f° 5d* absorption in Etf. An undoped sample of
Sr[BeSiNy4] (FigureS7a, black line, Supporting Imfmation) only shows the absorption caused by the
host lattice.

The optical band gap was additionally determined by the Kublglikak method. The reflectance
spectrum was converted through the Kubilkank function F(R) = (R¥/2R>® The band gap was
then determined with a Tauc plot by drawindiree tangentat the inflection point (Figur&7b,
Supporting Information’ For the calculationsthe Kubelk@Munk exponentn = 1/2 for a direct
allowed transition was used. Although Sr[B#g] has a large band gap, which is a prerequisite for
high QE, relatively low QE was observed. This can be explained by a direct band gap that can lead to
decreasd efficiency, as CBVB transitions for the Eii emission can be encourag€dhe band gap
size that is evaluated from batiethods is approximately in a range ofi4.2eV.

Further investigations with Zay spectroscopy methods using synchrotron radiation ceahbiith
DFT calculations are planned for a more precise band gap determination. A newly developed method
applying RIXS will additionally be used to determine the conduction badd(EW*") separation to

further investigate the poor QE behavior of Sr[BgiEu**.*°

4.1.3 Conclusions

In this contribution, we present the first nitridoberyllosilicates with formula MfgeSbN,] (M =
Sr,Eu). Sr[BeSN,:Eu?*, Sr[BeSiN,:Ce*, and Eu[BeSN, show nontypical orange and
yellowishhrange emission, respectively, upon excitation with UV to blue light. The highly covalent
network ofM[BeSiN4] provides a large band gap, required for luminescent mataaradsproves high
chemical and thermal stability. Working with the starting materials under an Ar atmosphere, as is
required for ailsensitive reactants, allows a safe handling dt&etaining compounds for synthesis
as well as transport to the furnace. The obtapreduct was stable in water and in a iRiOH/glacial

acetic acid solution. The strong, covalent bonding of Be in combination witht&idhedra in the
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highly condensedetwork structure result in an outstanding increase of chemical stability, compared
to the binary compounds B, and BeO that are soluble in water and diluted acids, respectively.

As usual for phosphor host lattices, network structures are descrildledesiexZ or edg&sharing
tetrahedra. In Sr[Be@\,] and isotypic Sr[BgD,], the building units, forming the highly condensed
network, were expanded by trigonal planar Behits. Therefore, introducing Beinto the solidtate
host structures adds a néelimension to structural variability by the combination of trigonal pl&®ar
and tetrahedral coordinated Be, Si, Al, and so forth. Boron was also found in trigonal planar
coordination in solidstate materials, but is usually limited to this coordinatioanabient pressure. In
cBN, compounds synthesized at increased pressudei®ito stabilization by, for example, sulfate
ions, B is also found in tetrahedral coordinafit{*> Access to new types of networks makes Be a
very interesting netwoikuilding elenent for luminescent materials, by approaching two different
types of coordination, even in the saomgstal structuré?

The high chemicastability and the rigid network structure BI[BeSiN4] is an interesting starting
point for ongoing investigations for highly efficient nari@dand phosphors, based on beryllate
structures. Phosphors, ranging from the blue over green to the red speettaf aaying the O and N
content can be accessed. Strong covalent bonds and large band gaps cause us to expect high QE in
beryllate compounds, making them highly promising materials class for application in pcLEDSs.

4.1.4 Experimental Section

4.1.4.1 Safety assessment

Be containing compounds are known to cause diseases, such as berylliosis, chronic beryllium
disease (CBD), and canc@in particular, Be dustsna soluble salts are hazardous. Small beryllium
particles can be inhaled into the lungs and upper respiratory tract, and dissolved Be can accumulate in
the human body, leading to chronic diseases. Nevertheless, Be compounds are widely spread in
industrial applications, for example, ceramics, automotive materials, and electfofizseduce the
risk of exposure, working with Be in closed systemshsas Schlerdines and glove boxes is suitable
and required. Insoluble sodstate compounds, such as the mineral and gemstone bearglald
aquamaring, with strongly bound Be are less dangerbudherefore we assess insoluble,
coars&jrained B&ontaining solidgtate compounds with a large density to be less dangerous and
handling with appropriate safety measures is feasible. In principlecaipmph of beryllate phosphors
in pcLEDs is conceivable, as same coatings for sensitive phosphors, for example, with silica, could

protect from exposure and intoxication due to accidental incorpof4tion.

4.1.4.2 Synthesis
Due to the starting materialso6 high sensitivi
experiments were performed in argfilled glove boxes (Unilab, MBraun, Garching; €1 ppm, HO

<1 ppm) or in dry Schlerikype glassware attacti¢o a vacuum line (1®mbar). Purification of argon
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gas (Air Liquide, 5.0) was performed in columns filled with silica gel @Wermolecular sieves

(Fluka, 4i ) , KOH ( Mer ., ©Ok( R8I, % P99 P%), and titanium

99. 5 %y to 700F€.aAs starting materials for the synthesis of Sr[Be3j 0.30mmol of
Sr(NH,), (35.9mg, synthesized according tbet method reported by Zeunerag),* 0.07mmol
BesN, (3.6mg, synthesized from Be (ABCR, 99+%, 325. mesh) in a #adguency (rgfurnace
under a NZatmosphere at 130€),*° and 0.30nmo | A $i (( Nig) syAthesized acrding to

)47

the method by Lange at.)"’ were ground under an argon atmosphere in a glove box. For the

S

synthesis of doped compoundsmb | % (Sgm&Al dr i ¢ h, 9 9;.(SgMa Adlyich, o r CeF

99. 99 %) wer eNjavdskytlibsizedEfrorh @mix@ure of 0.28mol Eu(NH), (42.3mg,
synthesized analogous to Sr(N$), 0.08mmol BgN, (4.2mg), and B5 mmo | i Di ().
The mixtures werelpced in tungsten crucibles and transferred into a ateled quar reactor of a

rf furnace (typdG 10/600, frequency 60kHz, max electrical output WV, Huttinger Freiburg). The
reacton mixtures were heated to 150 under a N atmosphere within Bmin, maintained at this
temperature for @&, subgquently cooled to 700C in 10h, and finally quenched to room temperature

by switching off the furnace.

4.1.4.3 Elemental analysis

The title compoundsd el ement al compoXZayi on
spectroscopy (EDS) and complementary20PS analysis. For EDS a Dualbeam Helios Nanolab G3
UC scanning electron microscope (SEM, FEI) witléx 80 SDD detector (Oxford Instruments) was
used. The EDS data were obtained from several particles atcaterating voltage of 2&kV.
Morphology of the microcrystalline samples was additionally investigated by SEM. Inductively
coupled plasma optical emission spectrometry UES) was conducted with a Varian Vista RL

spectrometer, to determine the atomic cation ratio (Be:Sr:Eu:Si).

4.1.4.4 Powder Xfay diffraction

The obtained powder samples were ground and sealed in a glass capillary (Hilgert@&ynm).
PXRD data were collectezh a STOE STADI P diffractometer (MoU, or CuK U, radiation, Ge(111)
monochromator, Mythen 1K detector) in a modified Dél8aherrer geometry. Crystal structure
solution via charge flipping, extraction of the peak positions, pattern indexing, struotutiers
Fourier calculations, and Rietveld refinements were carried out using the TOPAS péckage.

Reflection intensities were extracted with the Pawley method. A cylindrical absorption correction was

applied during the refinement. Peak profiles were calculated with the fundamental parameters

approach, a direct convolution of soaremission profiles, axial instrument contributions, crystallite

size, and microstrain effects. Texture was included with a spherical harmonics function. The

background was adapted with a shifted Chebyshev function with 12 polynomials. The Sr, Eu, and Si

sites were refined with anisotropic displacement parameters. Be and N sites were refined isotropically.

Isotropic displacement parameters of N1 and N2 were refined with a common value.
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Further details on the crystal structure investigations may be othtainem the
Fachinformationszentrum  Karlsruhe, 76344  Eggendteppoldshafen, Germany (fax:
( + 4 9)B0%6B6 7ednail: crysdata@fiZarlsruhe.de), on quoting the depository number
CSDZ434198 (Sr[BeSN,]) and CS434199 (Eu[BeSN,)).

4.1.4.5 Luminescence

Luminescence properties of powder samples were investigated with a HORIBA Fluoromax4
Spectrofluorimeter system connected to an Olympus BX51 microscope by optical fibers. Emission
spectra were obtained in a wavelength range between 450 amin7&@h 2nm step size. The
spectral width ofhie excitation wavelength at 44@n is 10nm. Excitation spectra were obtained with
a monitoring wavelength of 66#n for Sr[BeSiNJ:Eu?** and 628&m for Sr[BeSiN,:Ce*".
Photoluminescence measurements on powder sampteaied out using andmouse built system
based on a 5.3fA integrating spher éeVXamhap, o spectr
500mm CzerngTurner monochromators, 1800 rh'fattices, and 250/500m lamps with apectral
range from 230 to B)nm. LowZemperature emission spectra of a Sr[BEGIEU*" powder sample
were recorded with an Ocean Optics HR2000 + ES spectrometeB (@ixels, grating UA (200
1.100nm), slit 50) with the samples mounted in a cla@gcle He cryostat. The spectr&me obtained

in a range fron880' 850nm (05 nm step size).

4.1.4.6 UV/Vis spectroscopy

The optical band gap of Sr[BeBi] was estimated from UV/Vieflectance data by two methods:
First, applying a Tau®lot diagram and second from the intersection of lingdats in the reflectance
spectrunf?*” Reflectance pectra of E&Zoped and undoped powder samples were obtained with an
Edinburgh Photonics FLS9Z9) gectrometer equipped with a 480 Xe900 arc lamp (single
photoriphotomultiplier detector, Czerdyurner monochromator with triple grating turret). The

specta were measured in the wavejgémrange from 230 to 80fm (5nm step size).
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Abstract. Oxo- and

(oxo)nitridoberyllates show exceptiona
potential as host lattices for applicatio
in illumination grade  phospho
converted (ptEDs due to their
remarkable electronic and structurs
characteristics, allowing highly efficien
narrowband emission upon doping wit
Eu". Sr[BeON,:EU?", the first example of an oxonitridoberyllate phosphor, exhibits nabavd
cyan e mins495 ronnfull(wisth at halmaximum,fwhm= 3 5 1%009;cm"& comparable

to the emission of the oxonitridosilicate Ba3iN,:EU** (fwhm= 35 nm) or a cyaemitting primary

LED (fwhm = 27 nm). Sr[B€ON,:Eu?* reveals a highly condensed rigid 3D network with a
remarkably large degree of condensation [i.e., atomic ratio Be:(O,N)}FoL.2 that is achieved by
interconnection of highly condensed layers of Bé&Nrahedra by B®Ns units via common edges.

The crstal structure of SI[BON,]:Eu?* was solved on the basis of singigstal and powder XRD

data C2/c, no. 15,a = 13.9283(14)b = 5.7582(6) ¢ = 4.9908(5) Ap = 90.195(1)°Z = 4,R, = 0.033,

WR, = 0.065, GoF = 1.046). Sr[BBN,]:Eu*" shows a close stetural relationship to other nitride as

well as oxide compounds, and therefore closes a structural gap helping to understand relations in Be
containing soliestate materials. The electronic structure of iB&]:Eu** was characterized by-X

ray spectrosqmy measurements, supported by density functional theory (DFT) calculations. Due to its
excellent emission properties, large band gap, rigid 3D network, as well as chemical and thermal
stability, SI[B@ON,J:Eu*" is a promising phosphor to close the cyan igagfficient highCRI pcLEDs

(CRI, color rendering index).
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4.2.1 Introduction

In recent years, investigation of narrnand red luminophores has been in the focus of LED
phosphor development for improving the CRI (color rendering indgX, &d reducing IRpillover
of white lightemitting LEDs*? In most common LEDs bluemitting InGaN chips are used to excite
light-converting phosphors that add gregellow and orangaed spectral components. After the
discovery of highly efficient reemitting BSSNE ((Ba,SspisNg:ELr) and SCASN
((Sr,Ca)AISIN:EL), as well as narrosand redemitting SLA (Sr[LiALN,:EU?"), a good base for
highly efficient pcLEDs with good color rendition and CRI values around 90 was estabifshethe
same time there is need for narrband green, yellow, and blue phosphors various LED
application fields like illumination, consumer electronics, and display backlighting techriology.

CRI values of common LEDs are usually limitecbine excited pcLED3This can be explained by
missing emission intensity betweéme blue light of the InGaNLED and the emission of common
greefiyellow phosphors, e.g., YAG:Ce and LUAG:Ce, thecatled cyan gaP.To overcome this
limitation, a phosphor emitting in this particular spectral region with nabrawd emission between
490 and 500 nm and a strong absorption in the blue spectral range is required.

Prerequisitesdr phosphors emitting in the blue to green region are not different from those for red
phosphors and include chemical and thermal stability, high conversion efficiency, and-banaw
emission as a consequence of the small Stokes shift needed for e#fiaigation with blue light.
Several specific requirements for sedithte materials leading to highly efficient, narrband
emitting phosphors with a small Stokes shift have been identified over the last yegid: laost
lattice providing a highly symmetric dopant site (e.g> EQe™) with a high coordination number and
a large band gap for gaining high QE (quantum efficieht{lhese properties are often provided by
(oxo)nitridosilicate andaluminate host structures. For obtaining emission in the blue to green spectral
region only few Efi-doped oxide and oxonitride compounds are avaif@bfn important phosphor
with tunable emission in the required spectral region is the oxonitridosiMak®©.N, (M = Ca, Sr,
Ba).° By replacing Ca with the larger Sr or Ba the initially yeligreen emission with an emission
maximum & 560 nm can be blushifted to 537 nm (Sr) and even 495 nm (Ba) accompanied by
structural change’$™® A drawback of this compound group is its layered crystal structure leading to
insufficient thermal and chemical stabiliy.To increase stability and therefore retain optimum
luminescence properties of LED phosphors at operating conditions, host materials waigt@itk
structures would be prefasle!

Recently, we have proposed nitridoberyllates as a new class of materials exhibitnegtined
structural and optical characteristics of efficient host lattices fof*-daaped LED phosphors.
Sr[BeSiN,J:Eu*, which is isotypic to SrB©,,™ exhibits a highly condensed aietwork structure,
made up of trigonal planar and tetrahedral building units with strongly covaléM Bed SiN
bonds. Its symmetric, rigid host lattice offers a large band gap; however, due to exceptionally long Sr

N bonds, trapped exciton emission is obtailfedevertheless, exploration of Sr[BeSji]:Eu** with
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its highly condensed, rigid network was the startingnpdior extensive investigations on
(oxo)nitridoberyllate compounds.

In this work, we present a novel ¥uloped oxonitridoberyllate phosphor, structurally related to
Sr[BeSpN,J:Eu*, with exceptional luminescence properties. SEB&:EL’" exhibits a simirly
narrow edns@%nmbvim= a3 5 100 ;cm‘)éas BaSION:EU* (Ba222)'° but shows
increased thermal stability of the emission. This improvement results from the highly condensed
structure of SrB€N,EU** with a 3D network of BeONand BeN tetrahedra. Excellent emission
properties of narrovband cyaremitting Sr[BesONJ:Eu?** make this novel oxonitridoberyllate

phosphor a highly promising material for application in, e.g., & white pcLEDSs.

4.2.2 Experimental Section

4.2.2.1 Safety Assessment

Beryllium dusts and soluble salts are hazardous and can cause diseasescancéraberylliosis,
and chronic beryllium disease (CBE) When small particles of a beryllium compound areaied
or dissolved the element can be incorporated. Beryllium can accumulate in the human body, leading to
chronic diseases. Nevertheless;d®ataining materials are common in industrial applications, such as
ceramics, automotive, aerospace, and eleictsonr semiconductors!® Schlenklines and glove
boxes are suitable and required to reduce risk of exposure, when working with Be. Appropriate safety
measures are feasible, ang therefore assess insoluble, coaysdned Becontaining soliestate
compounds to be less dangerous. Natural examples amonB@Ening gem stones, e.deryl,
aguamarine and emerald Therefore, application of (oxo)nitridoberyllate phosphors in pcLEDs

conceivable.

4.2.2.2 Synthesis
All experiments requiring highly sensitive starting materials ofc&ataining compounds were
performed in Argosilled glove boxes (Unilab, MBraun, Garching; ©1 ppm, BO <1 ppm) or in
dry Schlenktype glassware attached tvacuum line (1 mbar). Argon (Air Liquide, 5.0) was dried
and purified in columns filled with silica gel (Merck), molecular sievielK& 4 A), KOH (Merck,
(B85%), ROw( Rot h, 099%), and titanium sponge (700 AC,
Crystalline samples of Sr[B®N,]:Eu** were synthesized by reacting SrO (103.6 mg, 1.0 mmol,
Alfa Aesar, 99.5%) and BN, [30.3 mg, 0.55 mmol, synthesized from Be (ABCR, 99+%, 325 mesh)
in a radio frequency (rf) furnace undeg &tmosphere at 1300 °C] after mixingan agate mortaf.
For doped compounds 1 mol % of SrO was replaced BQHABCR, 99.99%). Theeaction mixture
was filled into W crucibles and subsequently heated in 1 h to 1400 °C in an rf furnace. The
temperature was maintained at 1400 °C for 1 h, then cooled down to 700 °C in 0.5 h and subsequently

to room temperature by shutting down the fema
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Powder samples of Sr[BBN,]:Eu** were synthesized in Ta ampules. $)§N25.7 mg, 0.15 mmol),
BesN, (13.9 mg, 0.25 mmol), BeO (3.8 mg, 0.15 mmol), and@y0.3 mg, 0.005 mmol) were
mixed, filled into Ta ampules that subsequently were weld shuheaied in evacuated silica tubes to
950 °C in 3 h. The temperature was kept for 24 h, cooled down to 500 °C in 3 h and then to room
temperature by shutting down the furnace.

4.2.2.3 Elemental Analysis

Energydispersive Xray spectroscopy (EDS) and complementarf?-@ES (inductively coupled
plasma optical emission spectrometry) analysis were used to determine the elemental composition of
Sr[Be&ON,]J:Eu**. For EDS a Dualbeam Helios Nanolab G3 UC scanning electron microscope (SEM,
FEI) with X-Max 80 SDD detector (Oxfdrinstruments) was used. The EDS data were obtained from
several particles with an accelerating voltage of 20 kV. The morphology of the crystalline samples was
additionally investigated by SEM.

ICP-OES analysis was conducted with a Varian Vista RL speetiemto determine the atomic ratio
of Sr, Be, and Eu.

4.2.2.4 Single-Crystal Xray Diffraction

A green single crystal of SI[B®N,]:Eu** was selected and fixed on a micromount (MiTeGen). X
ray diffraction data were collected on a Bruker D8 Venture diffractometereatating anode. Goebel
mirror optics were used to specifically select and foruse Mo KU r adi7ak).i on ( &
Integration and absorption correction was carried out with the program package APEXrystal
structure was solved by Direct Methods (SHELX@Nd refined by fulmatrix leastsquares methods
(SHELXL).?**® Eu was disregarded in tiséructure refinement due to its low amount and its therefore
insignificant contribution to the scattering density. The O/N ordering was determined during the
refinement. All atom sites were refined anisotropically. Si{B&]:Eu** was additionally refineds a
two-component twin.

Further details on the structure investigation may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggensteiropoldshafen, Germany (Fax, (+49)7808666; Emalil,
crysdata@fizarlsruhe.dpupon quoting the depdsiry number CSB434259.

4.2.2.5 Powder Xray Diffraction

The structural model obtained from singlystal data was further investigated by powderaiX
diffraction methods. A powder sample of Sr{B&,]:Eu** was sealed in a glass capillary with 0.2 mm
diameter ad 0.01 mm wall thickness (Hilgenberg, Germany) and measured on a STOE STADI P
di f fr act omediatian, Ge(Cld) mkndchromator, Mythen1K detector) in Die®gkerrer
geometry. Data were refined with the TOPAS Academic 4.1 pacékdde. Rietveld method was used
by applying the fundamental parameters approach (direct convolution of source emission profiles,
axial instrument contributions, crystallite size, and microstrain effects). Capillary absorption

correction (inner diameter 0.18 mm) was carried out usingaleellated absorption coefficient.
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4.2.2.6 Luminescence

Luminescence spectra of Srg@N,:Eu** were obtained with a HORIBA Fluoromax4
spectrofluorimeter system connected to an Olympus BX51 microscope by optical fibers. The spectral
width of the excitation wavelgth at 440 nm is 10 nm. Emission spectra were recorded in a
wavelength range between 460 and 820 nm with 2 nm step size. Excitation spectra were obtained with
a monitoring wavelength of 510 nm for SrgBiN,]:Eu™".

For QE determination, an industrial setmgs used with a BaS@ample as reference (reflectance of
100%). Sample absorption was calculated from the difference in the reflectance of sample and

reference. The QE is given as the quotient of sample emission and absorption.

4.2.2.7 UV/Vis Spectroscopy

A reflectance spectrum of a Ewdoped powder sample was obtained with an Edinburgh Photonics
FLS920s spectrometer equipped with a 450 W Xe900 arc lamp (single ppbtiomultiplier
detector, Czermifurner monochromator with triple grating turret). Tdpectra were measured in the
wavelength range from 240 to 780 nm (5 nm step size). The optical band gap was estimated from the

intersection of line tangents in the reflectance spectrd.

4.2.2.8 X-ray Spectroscopy

The X-ray absorption spectroscopy (XAS) measurements, which are probing the unoccupied partial
density of states (PDOS), were conducted at the Spherical Grating Monochromator (SGM) beamline at
the Canadian Light Source (CLS), Saskat, Canadd’ X-ray emission spectroscopy (XES), which is
sensitive to the occupied PDOS, and resonant ineldstay scattering (RIXS) measurements were
conducted at the Resonant Elastic and InelastiayXScattering (REIXS) beamline at the CLS. The
SGM beamline has a monochromator resolving powér ) of about 5000 at the N -Kdge, and
partial fluorescence Vig (PFY) XAS spectra were collected using an array of silicon drift detectors.
REIXS has a monochromator resolving power of 5000, and a Rowland cieag 3pectrometer for
collecting the emission measurements with a resolving power of 1700 at theddge KThese
measurements are performed by promoting core electrons to the conduction band and monitoring their
scattering (RIXS) or subsequent decay (XAS, XES). Samples were pressed into clean wafers of In foil
and transferred to the vacuum chambers usedtHer measurements. All measurements were
conducted at ambient temperature, and data were collected in rapid succession. The XAS spectra were
energycalibrated using a peak value of 402.1 eV in hexagonal boron nitride. The XES spectra were

calibrated usinglastic scattering peaks.

4.2.2.9 Density Functional Theory

The electronic structure of Srg8N, was modeled using WIEN2k, a fipbtential, allelectron
commercially available, density functional theory (DFT) software package which uses linearized
augmented planeaves with local orbitals in a KohBham schem&. Calculations were performed

using the PBEdayeneralized gradient approximation (GGA) exchaogeelation functional® Since
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the PBEsol exchangeorrelation functional significantly underestimates the band gap of materials, the
modified Becké&Johnson (mB)Jexchangecorrelation functional is also usédA basis set size of
RKmax = 7 was used, and tHemesh was selected so that the total energyup#rcell was stable
within 10° Ry per unit cell, which corresponds to a 9 x 10krfesh.

The DFT calculations are used to calculate the density of states and band structure, as well as to
directly calculate predicted XES and XAS spectra, allowing fodegailed comparison with
experiment. The spectra are calculated by multiplying the PDOS with a dipole transition matrix and a
radial transition probability* Calculated spectra are broadened to reflect lifetime and instrumentation
related broadening. XES and XAS spectra depend on the final state of the system, which for XAS
spectra corresponds to a system perturbed by -amy Xnjected core hol& To account for this
perturbation, a core hole is added to a 1 x 2 x 2 supercell of the unit cell with a compensating
background electronic charge, and separate core hole calculationpeviarmed for each nitrogen
site.

4.2.3 Results and Discussion

4.2.3.1 Synthesis and Elemental Analysis

Figure 1. SEM image of platelelike Sr[BeONJ:EU* cr y st a | (scal e b@amarklobafionss m) ,
of EDS scans.

Singlecrystalline samples of Sr[BBN,:EUW*" were synthesized by solitate reactions in W
crucibles in an rf furnace. A heterogeneous mixture containinrgaag watesstable luminescent
single crystals of SI{BON,]:Eu** was obtained. Cyaemitting powder samples of Sr[g2N,]:Eu**
were syrihesized in Ta ampules. Morphology and elemental composition were investigated by
electron microscopy, accompanied by EDS (Sr, O, N) and complementa®@HSRHSr, Eu, Be)
investigations. SEM pictures of Sr[B&N,:Eu*" show either plateldike (Figure 3 or blocklike
morphology. Averaged results of EDS as well as ICP analysis are giVablm 1 Light elements (O,
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N) might be underestimated especially by EDS, and Be usually cannot be quantified by this method.

Results of individual measurements aneegiin theSupporting Information.

Table 1. Elemental Analysis of SI[BON,]:Eu**

Sr Eu Be O N
EDS 1 1 3
ICP 1 <0.01 7

4.2.3.2 Crystal Structure Determination

X-ray diffraction experiments were performed on single crystals of S)Bg The
oxonitridoberyllate crystallizes in the monoclinic space grégfe (no. 15) and was refined as a two
component rotation twin. Structure solution was initially performedlinCrystal data obtained from
singlecrystal XRD show pseudorthorhombic retrics. Applying the Rietveld method on a powder
sample of Sr[BE€ON,], the monoclinic anglé = 90.195(1)° was confirmedrigure 3.

Crystallographic data of the structure solution and refinement are summarizatllén2 Atomic
coordinates and isotropitisplacement parameters are givermable 3 Bond lengths and angles as
well as anisotropic displacement parameters (ADPs) and a graphical presentation of the ADPs of
Sr[BesONy4] are given in thé&upporting Information

The consistency of the structural ded is supported by lattieenergy calculations (MAPLE,
Madelung Part of Lattice Energy). MAPLE values were calculated for each ion type and for the entire
structure. The results of the MAPLE calculations are summarized Bi.thi@e partial MAPLE values
are in good agreement with reference data reported before, confirming O/N ordering in
Sr[Be;ON,].*>*® Partial MAPLE values for B&, O”, and N' are listed in thé&upporting Information
The comparison of the MAPLE sum of Srj8a\,] with total MAPLE values of constituting SrO and

BesN, shows only minor deviation of 0.33%>
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Figure 2. Rietveld refinement of the structirmnodel of Sr[BeON,] ( Cyradiktion). Experimental data
(black line), calculated pattern (red line), and difference curve (green line). Tick marks: blue, positions of Bragg

reflections of Sr[BgON,]; unidentified sidephases are marked with asterisks.
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Table 2.Crystal Data for Sr[BgON,]?

formula mass [gnol'] 213.72
crystal system/space group monoclinic,
C2/c (no.15)
lattice parameters [Aleg] a=13.9283(14)
b =5.7582(6)
¢ =4.9908(5)
b =90.195(1)
cell volume [&] 400.27(7)
formula units per celt 4
X-ray density [gem' Y] 3.547
linear absorption coefficient [cr) 13.325
F(000) 392
crystal dimensions (min 0.05x 0.02x 0.01
diffractometer D8 Venture
radiation Mo KU
(80. 718 7
temperature [K] 293(2)
Abs correction multiscan
drange[deqg] 3.8345.78
measured reflections 10 858
independent reflections 1676 Rnt = 0.0756]
observed reflections 1559
min/max transmission 0.716/1.000
refined parameters 57
GOF 1.046
Rindices F.2 02 F§)) R, =0.0277,
wR, =0.0625
Rindices (alldata) R; =0.0333,
wR, = 0.0645
min/max residual electron density (&} 11.454/1.327
%sdbdbs are given in parentheses.

PValue obtained from PXRD Rietveld refinement; singlgstal
data show pseudarthorhombicmetrics.

Table 3. Atomic Coordinates, Equivalent Isotropic Displacement Parameters, and Site Occupancy Factors
(sof 6s)ONg¥ Sr [ Be

atom (Wyck) x y z Ueq (A%  sof
Sri(4e) 0 0.7096 1/4 0.0091
Bel (8 0.111 0.3606(3) 0.2454(5 0.0080(2) 1
Be2(8) 0. 196 0.1090(3) 0.4375(4 0.0079(3) 1
Be3(8) 0. 296 0.1393(3) 0.1050(4 0.0075(3) 1
01 (4e) 0 0.3381(2) 1/4 0.0090(2) 1
N1 (8f) 0. 333 0.1126(2) 0.4333(2 0.0061(2) 1
0

N2 (8f) . 169 0.1342(2) 0.0981(2 0.0063(2) 1
%sdo6s are given in parentheses.
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4.2.3.3 Crystal Structure Description

Sr[BeON,] crystallizes in the monoclinic space groGg/c (no. 15). Pseudorthorhombic metrics
are indicated by the Sr1 and O1 positions, but are disrupted by the arrangement of,ttetr8eddtira.
This leads to a monoclinic symmetry with= 90.195(1)°. This angle is supported by PXRD Rietveld
refinement Figure 2 showing split reflections that confirm the monoclinic space gfeRip.

The crystal structure, displayed kigure 3 can be described as a highly condensed 3D network.
Sr[BesONy4] is built from layers of edgsharing Bel tetrahedra resulting in agxceptionally high
degree of condensation [i.e., atomic ratio Be:(O,N)Joof 1.2 that exceeds possible values in
nitridosilicate and-aluminate structuresa(Q . 7 5 ; 1.0). The maontaimmgm o V¢
oxonitride compounds can reach values betwle@@eQ) and 1.5 (B&l,).

Decisive for the compoundédés high degree? of con
when compared to 8j while the ion size is nearly identic4lAs a result, each BeNetrahedron is
capable of sharing common edges with three other,Befkahedra resulting in highly condensed
layers.

Beyond that, the layers are interconnected by pairs of-glulying tetrahedra with stoichiometry
Be,ONs that are further connected to the layers by common edges. As a result of this high connectivity
of vertex-sharing Bely and BeON tetrahedra each N atom is bound to five Be atoms, which does not
seem to be possible in nitridosilicate related structures.

Figure 3. Crystal structure of SI{BON,]; BeN, tetrahedra (violet), BeONetrahedra (cyan), Sr atorfarange),

O atoms (red), N atoms (blue)
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Figure 4. Starting from left: structural relations betwebBe;N,, SrBeO,, and SrBeSN, (isotypic, Be in
trigonal planar, Si in tetrahedral coordination), S§BHN,], Mg:GaN;, and MgBegN..

The crystal structuref Sr[Be;ON,] can be derived from structurally related compounds, sufh as
Be:N,, as well as SrBO, or SrBe[SiN,].1>*%*>% All these compounds exhibit highly condensed 3D
networks that can be interpreted as being built from layereadefsrks of trigonal planar or
tetrahedral units, interconnected by either edge vertexsharing (Be,Si)(O,N) tetrahedra.
Additionally, analogous highly condensed types of tetrahedra layers found ins@&NfBewere
previously described in the nitridobdate MgBeN, and the nitride MgzaN;. Both compounds
crystallize in trigonal space groug@ml (no. 164) andR3m (no. 166), respectivel§/*® In SrBeON,
hexagonal symmetry is disrupted by the Sr and O atoms with its peethdohombic metrics. A
difference between the structures 6i[BeON,], b-BesN,, MgsGaNs, and MgBeN, is the
interconnection of the highly condensed tetrahedra layers. While in MgBsyers are separated by
Mg atoms, layers if-BesN, and MgGaN; are connected by the same arrangement of-skgeng
tetrahedra that are connected to the layers by common vertices. A comparison of all discussed crystal

structures is displayed Figure 4

Figure 5. Coordination spheres of Bel, Be2, and Sr; bongtlengiven in A.
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Bond lengths of BO and B&N in Sr[Be&ON,] are in the range expected for-Bentaining solie
state compounds and are comparable to regLildt (= O, N) distancesHigure 5.">***° The Be10
distance is slightly shorter (1.5§ than Bel and Be2N distances (1.68.9A). The Be2ZN1
distance of 1.9 A is exceptionally long. This can be explainedhbycomposition of the highly
condensed tetrahedra layer deduced from the planar layers of th®©SsBacture. Therefore, Be2
can be described to be in an intermediate state betwddéywjdization as in a tetrahedron asy-
hybridization as in trigoal planar coordination. A similar intermediate coordination has been
observed for B, e.g., iMgB2:0s:H,0 (M = Fe, Co, Ni)***! The Be3N distances are in the range
1.7211.78 A, and the Be3Netrahedra therefore are close to regular. The additional space between the
layers and between BBNs units is occupied by Sr atomsThe Sr atoms are coordinated
antiprismatically by six N atoms, with distances between 2.7 and 3.1 A and four equatorial O atoms in
a di st a264&(@x) and3.18A (1x).

4.2.3.4 Electronic Properties

The electronic properties of Sr[E2N,]:Eu** have been investigated applying DFT calculations and
softX-ray synchrotron radiation. Measured nonresonant XES and XAS spectra are sikigumert
with black lines, together with spectra calculated using the PBEsol functional. For the absorption
specta, the core hole (c.h.) and ground state (g.s.) spectra are shown in solid and dashed lines,
respectively. It is welknown that GGA exchangeorrelation functionals underestimate the band gap
of semiconductors, and so these spectra have been rigidigdskaf allow comparison of spectral
features. Considering the absorption spectra, good agreement with experiment is obtained by the
ground state calculation, while features in the core hole calculation are pushed closer together. This
suggests that the aphole concentration has been overestimated in the core hole calculation. Similarly
good agreement is also seen between the resonant and nonresonant features in the emission spectra.

Given that the absorption and emission spectra are proportional to dheupied and occupied
PDOS, after accounting for the core hole perturbation, their separation can be used to determine the
electronic band gap. Using the second derivative to determine the onset of spectral weight yields an
XESi XAS separation of 4.2 + 08V .** After accounting for a core hole shift of 0.4 eV, this yields an
overall band gap of 4.6 £®.eV. This is in agreement with the band gap predicted by the mBJ
functional, with a predicted value of 4.75 eV.

By performing RIXS measurements, a technique in which emission spectra are collected at various
abovethreshold excitation energies, insightanthe nature of the band gap can be obtained. By
comparing observed netlireshold spectra and nonresonant XES spdeBalective enhancements to
the RIXS signal can be observ&dThis allows direct and indirect band gaps to be distinguished
without any further theoretical input. These resonant spectra are shown for four energies in the left
panel of Figure 6 At the minimum excitation energy, shown in cyaasonant enhancement at
394.0eV is seen. As the excitation energy is increased, the relative importance of the peak diminishes,

confirming that the band gap is direct. This is in agreement with the calculated electronic band
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structure of SrB€N,, shown hFigure S2 The conduction band mini mum
val ence band maxi ma occur at the O point and be
occurs between Y2 and G, the energy at the U poi
The optical band gap, additionally estimated from reflectance daguré 7 gray line), is
approximately 4.8 eV, and is in the same range as the band gap obtained from DFT calculations and
XASi XES experiments. The absorption band below 300 nm is attritiotettie host structure
absorption; the second, broad absorption band, ranging from 300 to 600 nm, is causedfbip the 4
4f°5d" absorption of Et.
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Figure 6. Top left: experimental and calculatedrXy emission spectra. From bottom to top, the caladilate
nonresonant emission spectrum of SgBN,] followed by RIXS spectra collected at the energy indicated by the
arrow in the inset. The top line is the nonresonant emission spectrum. Top right: experimental and calculated
XAS spectra of Sr[B&N,]. Black line is an experimental N K PFY XAS spectrum, while the blue and red lines
correspond to calculated absorption spectra in the absence and presence of a core hole, respectively. Bottom
panels: the bottom left and right panels show the second derivativee afotiresonant Xay emission and

absorption spectra, respectively.
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4.2.3.5 Luminescence

The highly condensed network structure of SgfB,):Eu*" shows extraordinary effects on the
oxonitridoberyllate luminescence properties. Due to a reduced nephelauxetic effect in oxonitrides
compared to nitride structures, emission is observed in the blue to green spectral region. Upon
excitation with UV to bludight, narrowband cyaremission at 495 nm withfahmof only 35n m ( a
1400 cm) is detected. The nominal doping level is 1% with respect tBi§ure 7shows excitation
and emission spectra of a SrfB&,J:Eu*" single crystal. The narroband emissionof
SrBeONJ:EU” i s a consequence of the crystal structur e
strongly covalent character of the iBe(X = O, N) bonds. This results in a highly rigid crystal

structure that provides the dopants constant lidjehai
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Figure 7. Luminescence, UV/vis spectra, and image of egmnitting crystal of Sr[BgON,]:Eu** (excitation,
blue line; emission, cyan line; reflectance, gray line). Partly resdigeehergy levels of Edi are visible in the

excitation spectrum.

Additionally, the network structure offers a single dopant site to partially occupy. As it is discussed
in the literature, chemical disorder, multiple dopant sites, and strong lattice vibrations can lead to a
varying crystal field around each activator iamd consequentially a broadened emissfoll these
effects are therefore reduced in S{BH]:Eu”".

As a result, the luminescence properties of SB&]:Eu”" are comparable to the emission of the
oxonitridosilicate BaSO,N,:EU* ( Ba 2 2,2 494 mm,fwhma 35 nm). Due to its layered structure
Ba222 lacks efficiency at elevated temperatures and makes this class of materials susceptible for
thermal degradatiolf. In contrast, Sr[B€N,]:Eu*" shows superior stability based on the highly
covalent and therefore rigid 3etwork structure. Measurements orsgathesized powder samples
show decent QEalues of 20%, which can be improved upon synthesis optimization.

The excellent thermal behavior of SrpBN,J:Eu”" emission is shown iffigure &. The narrow
band cyaremitting phosphor shows only low thermal quenching at high temperatures with a relative

emission intensity of >90% at 275 °C. The observed excellent emission stability over temperature is
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corroborated by analysis of the collected RIXS spectra using a recently developed method by Tolhurst
et al™ This technique allows dirdgtdetermining the energetic separation of the Histate from the
conduction band (CB). The separation can be evaluated from resonayeXission spectroscopy at
the ligand kedge.

The RIXS signal appears as subsidiary peaks at energies just beleladtie scattering peak and
represents energy losses of the incidenys to lowenergy (optical) excitationd={gure &). This
energy loss results from excitations from the lowest rare earth dopant (h&je5Elevel to the
conduction band’ This separation is a key value abtaining proficient quantum efficiencies. A small
separation allows thermal ionization of excited Eu electrons to the CB resulting in decreased emission
efficiency while a large separation improves TQ behavior.

For Sr[BeON,:Eu*" a value for the EUBCB separB&ai 6n26f1)p eV is obs
value is similar to that found for, e.g., stafethe-art narrowband red luminescent Sr[Lié&{Ll]:Eu2+
( Bp=0.29 eV). SLA also shows comparable thermal quenching behavior with 90% relative emission
intersity at 275 °CG**
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Figure 8. (a) Thermal quenching behavior of SrgB#,J:Eu?*. (b) RIXS spectrum (399.0 eV excitation) on an
energy loss scale, the peaks from a legsiares fit of two Gaussians to the RIXS are shown as blue (elastic) and
cyan (loss feature) curves.
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4.2.4 Conclusions

This work describes synthesis as well as investigation of luminescence and electronic properties of
the first oxonitridoberyllate SI{BON,]:Eu**. The cyaremitting phosphor shows excellent narrow
band e mi segg348mnmwandwhim= 86 nm, comparabl® BaSiO,N,:ELF*.2° The phosphor
material shows superior thermal quenchivehavior and superior lortgme stability with a relative
emission intensity of 90% at 275 °C even for nonoptimized samples, makingsSNBEU** a
promising, thermally and chemically stable narioand emitting phosphor to cover the cyan emission
gap ypically observed in blue pumped pcLEDs.

The oxonitridoberyll|l ateds excellent emission cfF
crystal structure. Highly condensed layers of estygring BeN tetrahedra are connected by vertex
sharing BeONtetrahedra forming a rigid 3Detwork structure. This network provides for a regularly
coordinated dopant site, resulting in the narlmmd cyan emission. Safe handling otd&mtaining,
air-sensitive as well as ainsensitive starting materials is guaeed by handling in Afilled glove
boxes. This method is already stafethe-art for highly sensitive Siand Aklcontaining starting
materials for fabrication of Ei+ and Cé&"-doped phosphors. Chemical stability under acidic
conditions up to pH 1 which ay be further improved by, e.g., particle coatings ensures safe handling
and prevents unwanted release of Be into the environment.

Sr[Be;ON,J:Eu** shows close structural relations to nitridosilicaad aluminate as well as oxide
structures, and the development of the novel nabtramd cyan phosphor is therefore the realization of
structural evolution, comparable with the mindrapired prototypeevolution method>*® A highly
condensed network is known from other phosphor materials, e.g., {8a$sEU/" and
Sr[LiAI 3N,:Eu?*?* The structure of Sr[BON,:Eu** can be seen as an intermediate structure
betweenb-Be;N,, MgsGaN;, as well asSrBeO, and isotypic SrBe[SN,].'>*" These findings give
deep insights into # structural chemistry of beryllium compounds and can help in finding and
understanding the formation of novel, narrband emitting beryllate phosphors. Due to its large band
gap, excellent QE is expected upon optimization of the synthesis procedstability, extraordinary
luminescence characteristics, and excellent thermal behavior makeBEU*" a highly

promising phosphor for application in negeéneration LEDs with CRI values >90.
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564 nm Abstract: Beryllate
| structures are marginally
investigated, but show
intriguing structural

relations to oxe and

nitridosilicates. A typical

feature is the coordination
of Be both in trigonal planar and tetrahedral coordination by O. A broad rangw&ucfures is
accessible by variable combinations of both building units. Three novel terrakplstryllates are
characterized by singlerystal Xray diffraction analysis, density functional theory calculations and
investigations on luminescence proest USrBeQ, b-SrBeQ and Sy.Be;/0,, are obtained with
oxoberyllatesubstructures made up of either Bafangles or BeQtetrahedra. The compounds can
be described as chaiand layeftype beryllates. When excited with blue light of (In,Ga)N LED chips
b-SrBeQ andSr;Be;;0, show visible emission in the yellow and orange spectral range, respectively,
upon dopingwith EW**. Both are the firstluminescentoxoberyllatesreported so far. Exceptional
narrowband yellow emissiors, = 564nm, fwhm= 55nm) makeSrBeQ:Ew** a promising phosphor
for appliation in phosphor converted (cEDs.
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4.3.1 Introduction

Ev**-doped phosphors are widely applied in stft¢heart illumination grade white phosphor
converted (p9LEDs. Highly condensed ox@and nitridosilicates as well agluminates are subject to
intensive investigations! Narrowband emitting phosphors are required to increase the luminous
efficacy of il l umination grade LEDs, asoniwe | | as
backlight LCD (liquid crystal display) TV%® To gain narrowband emission with high luminous
efficacy, symmetric Eti-coordination and rigid host materials wiarge band gap are demanded. We
recently demonstrated that Bentaining (oxo)nitridoberyllates are of significant interest, a§-Eu
doped compounds show enormous potential for application-ifEps.”®

Yet, oxoberyllates have been barely investigated, even thougiorBaining minerals are well
known for almost 100 yeaPs! Due to the toxicity of Beontaining dusts, only few synthetic Be
compounds have been investigated so far. Three ternary beryllates, containivigadiealine earth
metal (AE = Cd Ba), are structurally characterized, namely,Be,;0,,, SrBeO, and Ba;Bes0s.****

Two more compositions, namely £B&;0s, possibly crystallizing in cubic space groBm3m, and

Sr,Be;Os, with orthorhombic metrics, are discussed, but not yet confifffiedese ternary beryllates

are first exarples proposing great structural diversity, which could be even more diverse than the huge
structural variability approached by silicates and aluminates. Foundation for this enhanced structural
variability is a secondary building unit, namely Ba@angles which besides Bef&etrahedra are part

of the anionic beryllate network structures. A similar structural situation is not known from
oxosilicates and aluminates, but was similarly observed in oamd (oxo)nitridoberyllate§®*® In
Ca;,Bei;0,9, SrBe0, andBasBesOg both BeQ-tetrahedra and Befriangles occur, while exclusively
BeO-tetrahedra are found e.g. in binary BE(Yet, there are only few beryllates known exhibiting
solely trigonal planar BeQunits, e.g. ¥YBeQ,."’

The most famous compound containing Be in tetrahedral coordination is the mineral bétgl and
colored varieties emerald and aquamarine. B&(SiO;)s is commonly described as a
hexacyclosilicaté’ Alternatively, beryl can be interpreted as highly condensed network of regular
SiO,- and distorted Begtetrahedra with a degree of condensation (i.e. molar ratio (Be,8ix@).5,
offering space fooctahedrally coordinated Al. Sr&®8,, the until now only known compound in the
system SBe-O, exhibits a 3Mnetwork of triangles and tetrahedsmtypic to Sr[BeSN,].” When
heavierAE metals (CaBa) are introduced into similar highly condensed network structures consisting
of BeXs- andBeX,-units (X = N,0), doping with rare earth elemenBH e.g., EG", C€") is possible
to obtain luminescence in the visible part of the spectnomparable to diverse oxo/nitridosilicates
and-aluminates®

In this contribution, the first luminescent ternary beryllates, narrﬁa.#SrBeQ:Eu2+ and
SnBe/0.6EU as well as notuminescent)}SrBeQ:EW?* are described and characterizedystal
structures of the three novel ternarylferyllates were solved and refined from siagiestal XRD

data and confirmed by Rietveld analysis on PXRD data. The crystal structures show interesting
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relations to known oxosilicate and nitridosilicate stanes. Condensed building units form similarly
designed structures of naondensed units, chains, layers or networks, respectively. The title
compounds crystallize as chain or layered beryllates of either triangles or tetrahedra. They are stable
toward lydrolysis and have initially been observed as singigstalline sidgphases during the
synthesis of the oxonitridoberyllate SgB#N,:ELP* that shows narroskand cyan emissichwhile U-
SrBeQ(:EU™) is obtained as colorless transparent crystais;-doped b-SrBeQ exhibits narrow

band yellow luminescenc&r;,Be;:0,q ELF orange luminescence. Its narrdand yellow emission
makesb-SrBeQ:EU** an interesting phosphor for application in yellow and whitd.|BDs, based on

blue InGaN LED chips.

4.3.2 Results and Discussion

4.3.2.1 Synthesis and Elemental Analysis.

Single crystalsof U-SrBeQ and b-SrBeQ as well asSr.Be /0, were synthesizedy high
temperature routes. The targeted phase pure synthesiBeofitte compoundss challenging.
Sn,Be;0,9 and SrBeO, are obtaineadoncomitantlyat synthesis conditions of 95Q in Taampules
or in W-crucibles at 1400C in Ar-atmosphere in a radioequency furnace, starting from SrO and
BeO. Similar conditions are applied for the synthesisUofand b-SrBeQ that appear only as
by-products next to SrB®N,, when starting from a heterogeneous -B&N, mixture. This leads to
the assumption that BoiSrBeQ polymorphs are kinetically inert, while SBe;/0,9 and SrBgO, are
thermodynamically stable producill title compoundshave prova stability at ambient conditions
andagainst hydrolysis in water adéh HCI (pH 1).

EDS (Energydispersve X-ray spectroscopy) was useidr determination of theatomic ratio
(SrN:O) of thesinglec r yst al | i ne ¢ o mp o u ngdBedidexQ, rorMasdeétected, c 0 mp 0 ¢
leaving the conclusion of tifermationof pure oxide phaseBeryllium was not detected by EQdie
to methodical limits. WhileJSrBeQ and b-SrBeQ gave a Sr/O ratio of 1:2.3, measurements of
orange SpBe;7O,9 crystals showed @alueof 12:29.4. These findings are in good accordance with the
specific sum formulas obtained from singkystal refnement. Next to Sr no othenetals were
detected by EDS, leaving Li and Be as only possible elements on tetrahedral centers, as both cannot be
determined by EDSLii O-distances are usually found withrger values (& 1.9A), which is not
conform to crystabgraphic dataSupported by MAPLE calculations andcarding to bond lenggh
discussion as discussed in detail below, as well as charge neutrBktysthereforeconfirmed as

cationin all titte compounds

4.3.2.2 Crystal Structure Determination.

Single crystals of USrBeQ, b-SrBeQ and Sr;,Be;;0,s have been analyzed applying-ray
diffraction experiments}SrBeQ crystallizes in monoclinic space grod2,/m (no.11) with cell
parameters = 3.5824(3) b = 5.1732(5) ¢ = 5.5515(5)A andb = 98.262(4} and was refined as a
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two-componentinversiontwin. This polymorph has been denominated asUpelymorph as it is
assumed to be the higamperature form due to its less condensed building units and lower dbnsity.
SrBeQ, crystallizes in spacgroupP2i/c (no.14,a = 7.004%9), b = 5.069711), ¢ = 5.3127(3 A and

b = 98935(6°). Sn.Be/0,, refined as a twa@womponentinversiontwin, shows tetragonal metrics
(142m, no. 12) with a=11.0104(4)andc = 10.6208(10).

Crystallographic dataf the structure solution and refinememe displayed in Table. Supporting
data,details of the structure solution and refinemetamic coordinates andagopic displacement
parameters,adected bond lengths and anglasisotr@ic displacement parameters (ADPs) as well as
graphical presentations of Rietveld refinementslisted in the Supplementavaterial

Latticeenergy calculations (MAPLE, Madelung Part of Lattice Energygre additionally
performed to supporhe structval modets 6éonsistency. MAPLE values were calculated for each ion
type and for the complete structure. The results of the MAPLE calculations are summarized in the
SupplementaryMaterial The partial MAPLE values are in good agreement with reference data
reported beforePartial MAPLE values forSF*, Be€** and O* are listed. The comparison of the
MAPLE suns of the title compoundsvith total MAPLE values of constitutinginary and ternary

oxides showonly minor deviatios.***%*®

Table 1.Crystallographic data of site-crystalsof U-SrBeQ, b-SrBeQ and Si.Be;705.2

U-SrBeO, b-SrBeO,  Sri:Ber/Oaz

Crystal system monoclinic tetragonal
Space group P2;/m P2)/c 142m

(no. 11) (no.14) (no. 123
z 2 4 2
Lattice a 3.5824(3)  7.0045(9) 11.0104(4)
parameters b 5.1732(5) 5.0697(11)
[A°] ¢ 5.5515(5)  5.3127(7) 10.6208(10)

b 98.262(4) 98.935(6)

VI[AY 101.815(16) 186.37(5) 1287.55(15)
I [gem? 419549 4.58409 4.30373

%.s.d.sare givenin parentheses

4.3.2.3 Crystal Structure Description.

The structure ofU-SrBeQ, displayed in Figuré, crystallizes in monoclinic space gro@g,/m
(no.11) andexhibits a chaidike structure. Infinitezweiersingle chains of Befunits are observed,
applying the nomenclature of silicates accordind.igbauon structures wittAXs-units (A = B, Be,
etc.; X = O, N, etc.)'? Each triangle is connected to two other tri@sgby common vertices, one
remaining vertex is terminal resulting in the presence & @2d 01" sites® The triangle chains are
separated by Sr atoms that are in a 6+2 coordination by O, which can be described as a doubly capped
trigonal prism. BeO distances are in a range 1.5%5A. A longrange BeO interaction with a
distance of 3.04\ presumably causes the deviation of the Be site from its trigonal planar coordination,
giving a strong hint for a preferred tetrahedral coordination ofTR&s observation is supported by
prolate ADPs of the O2 site indicating additional binding foroestds a more distant Be atom. This
effect has been closer investigated with J@mperature singlerystal XRD measurements

corroborating that the ADP ellipsoids of the O2 position result from bending vibrations 6f &e
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elliptic deflection decreases ap cooling, shown in low temperature singhystal Xray diffraction
experiments at 10K.

Figure 1.a) Crystal structure di:SrBeQ; b) SrO coordination; ¢) B&D coordination Sr (orange), Be (violet)

O (red),BeO; units (violet) Distances are givein A.

Figure 2. a) Crystal structure d§-SrBeQ; b) SrO coordination; ¢) B€D coordination Sr (orange), Be (violef)

O (red),BeQ, tetrahedra (violet)Distancesare given irA.
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The crystal structure db-SrBeQ in monoclinic space group2;/c (no.14) consists of layers of
condensed Beftetrahedra, shown in Figue Two tetrahedra are connected via common edges,
building [BeOg]-i b etw e 0 uni t s. These units -camecting®ofkned t wi
adj ac e+ i-wnib Hhetwo remaining O are terminal. This arrangement leads to the presence of
one G" andthree O per tetrahedron. The layers form rhombic distoxtieder rings and are stacked
on top of each other, formingerer ring channels. Sr atoms Beverfiold O-coordination are found
between the layers, with i3D distances between 2.51 and 2&76As a result of the coordination
number increase of Bieom 3 in theU-polymorph to 4, BeO distances are elongated to 1.530A.

Due to increased density and forinatof tetrahedrah-SrBeQ is discussed as the higinessure and
low-temperature polymorph.

With its sheet structurd)-SrBeQ is closely related to the nitridosilicat®4SiN, (M = Sr,Ba) that
show similar connectivity of SiMtetrahedr&® [Si,;Ng]-ibetw ed units are connec
fibetw es® by f oursechsemingsi Noéesninal B'anre foind, dput two different &

sites.

Figure 3. a) Crystal structure oBr,Be ;05 (viewing direction along [100Q]b) Sii O coordinatiors, ¢) BeO

coordinatiors. Sr (orange), Be (violetD (red),BeQ, tetrahedra (violet)Distances are given i.


















































































































































































































