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1. Introduction

Experimental materials chemistry at the junction of fundamental and applied research offers
varied opportunities for scientists to advancing mankind's knowledge base and technology.
A specific challenge for today's global society is our seemingly insatiable hunger for energy,
that is mainly dependent on fossil fuels like mineral oil, black coal and lignite or nuclear
power generation. The adverse effects of unrestrained fossil fuel combustion on local and
global environments subsumed under the term "climate change", and several catastrophic
releases of large amounts of high-level radioactive materials from nuclear power or
reprocessing plants since the beginning of the atomic age, clearly show the necessity for
curtailing humanity's energy consumption.

Estimations by the United States Department of Energy (DOE) ascribe up to 15% of electrical
power usage to Iighting.1 In this context, lighting plays a decisive role in the effort of
reducing energy usage. The classical incandescent light bulb, formerly widely used in
western countries, converts only about 5% of its power input into visible light. The
remainder of energy is emitted as infrared radiation useless for illumination. Because of this
pronounced low luminous efficacy—i.e. the normalized ratio of input power to extracted
luminous flux—incandescent light bulbs were subject to a stepwise ban from manufacture
and sale in important markets like the European Union (EU) initially in the year 2009. While
halogen lamps allow higher filament temperatures, thus increasing the luminous efficacy
enough to avoid the initial ban, the year 2018 will finally mark the end to inefficient
incandescent lighting at least in the EU. Possible alternatives to incandescent lighting are
fluorescent lamps, either tubular or compact.

Compared to light bulbs, affordable commercial fluorescent lamps boast greatly increased
luminous efficacies at the cost of limited color rendition due to the high-energy UV radiation
generated by the mercury-vapor gas discharge being converted to visible light by line
emitting phosphors, leaving large gaps in the output spectrum. Another major drawback of
fluorescent lamps is their content of toxic mercury, that poses health and environmental

hazards if the lamp body is structurally compromised or disposed of inappropriately.



1. Introduction

The second alternative to incandescent lighting is solid-state lighting with LEDs.? Solid-state
light generation was first observed by Henry Joseph Round in 1907 when passing an
electrical current through a silicon carbide crystal.> This effect was later rediscovered and
described in more detail by russian scientist and inventor Oleg Lossew,* and led to the
invention of the first visible-light emitting diode in 1962 by Nick Holonyak.”

In principle, an LED is a semiconductor device exploiting the phenomenon of
electroluminescence when applying an electrical current to a junction of p- and n-type
doped semiconductor materials. Electrons injected into the conduction band of the n-type
material by doping with an electron surplus element radiatively recombine at the p-n
junction with the holes created in the valence band of the p-type material by doping with an
electron deficient element. The separation between conduction- and valence band—i.e. the
band gap—determines the energy of the emittet electromagnetic radiation. A schematic

diagram of the working principle of a LED is given in Figure 1.1.
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Figure 1.1: Working principle of an LED and schematic of the p-n junction of positively (p) and

negatively (n) doped semiconductor materials.

At the time of their invention, LEDs suffered from small light outputs and generally low
efficiencies, and as a consequence were never taken into serious consideration for general

lighting purposes. Here the target is the generation of white light. Since LEDs are nearly
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monochromatic light sources with emission wavelengths corresponding to the
semiconductor material's band gap, white light can only be generated by additive color
mixing of the primary colors red, green and blue. Two strategies are here possible: Firstly,
the combination of three discrete LEDs of appropriate respective color, or secondly the
combination of a high-energy LED with suitable light conversion materials, called phosphors.
Compared to UV LEDs, blue LEDs offer an inherently higher efficiency for the latter kind of
application, due to the smaller Stokes shifts of the necessary phosphors.

While the first violet emitting GaN based LED was developed in 1972 by Herbert Maruska
after pioneering vapor deposition of single-crystalline GaN films on sapphire substrate,® it
exhibited only very limited light output.”® High-brightness (In)GaN blue LEDs, for the
development of which the 2014 Nobel Prize in Physics was awarded, emerged in the early

1

1990s based on work by Isamu Akasaki and Hiroshi Amano,”*! and were brought to

industrial application by Shuji Nakamura.**™*®

The base of all blue LEDs are films of InGaN n- and p-type doped with Si and Mg,
respectively, and epitaxially grown on either a sapphire or silicon substrate. In a classical
device architecture, the substrate remains part of the LED submount and the individual
layers are contacted from the top. Since emission is blocked by the contact areas, the thin-
film flip-chip architecture displayed in Figure 1.2 was developed. Here, the substrate is
removed by etching after deposition of the semiconductor films and the stack of layers is
flipped. Contacting of the respective layers in this case is possible from the bottom of the
chip, resulting in a larger emission area per chip. Heat generated inside the semiconductor
by ohmic resistance and nonradiative recombinatin of electrons and holes at the p-n
junction is conducted to the submount through the electrical contacts and further dissipated
from there. On top of the chip, i.e. in place of the substrate for flip-chip architectures, the
downconversion materials are placed.

As already mentioned, white light can be generated by additive color mixing as pictured in
Figure 1.3. Technically, suitable phosphors partially absorb the blue light and reemit light of
lower—and phosphor specific—energy. The blue light of the base LED in conjunction with
the emission of the phosphor(s) create the impression of white light. If no higher demands
are made on the quality of the output radiation other than its color, white light is most
simply produced by combining a blue LED with a single yellow phosphor. Most commonly

used in this application is UV-blue excitable, broadband yellow emitting Y3Als04,:Ce3*
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(YAG:Ce).'” Due to the low emission intensity in the orange—red spectral region, YAG:Ce
converted white LEDs (WLEDs) exhibit only low color rendering indices (CRI < 70) and high
correlated color temperatures (CCT =4000-8000K). In contrast to the overall poor
illumination quality, luminous efficacies of YAG:Ce converted LEDs are excellent, making it
the combination of choice if only brightness and energy efficiency are of importance. For
obtaining high quality illumination grade white light, multi-phosphor solutions have proven
their superiority. In the latter the base LED is coated with multiple phosphors, but at least

with a green and a red one.

YT Y YTV YV VYTV YV VYV VY Y YV Y YV YV VYV YUYV VYV Y VYV VY VY Y YV VYV VYT YV YV Y VYV VYV Y Y Y YV YV VYV YV VYV Y YV VYV Y Y

Active Layer
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Submount

Figure 1.2: Layout of a thin-film flip-chip LED packaged with a ceramic phosphor layer.

Several specific and general requirements for the phosphors to be taken into consideration
for industrial application can be identified: The proper emission maximum and full width at
half maximum (fwhm), high internal quantum efficiency and emission intensity at operating
conditions, chemical and thermal stability. These requirements themselves are dependent
on more fundamental properties of the materials, like their crystal structures and chemical
compositions, that will be examined later in this work. Industrially, only Ce** and, even more
importantly, Eu®" doped nitride phosphors are of practical relevance in the field of band-
emitting luminescent materials.

Due to the great importance of the red-emitting material for the performance of a WLED in
terms of color rendition and energy efficiency, great effort has been put into discovering
novel red phosphors for application in solid-state lighting. The strong effect of the red
emitter on the WLED performance can be easily understood: In sunlight the red spectral
region has a high intensity due to the sun being an almost ideal black-body radiation source

with a correlated color temperature of = 6000 K. Colors with a red component are therefore
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only perceived as natural if the illuminating spectrum exhibits a high chromatic saturation in
the red spectral region. Generally, colors can only be perceived if they are present in the
illuminating spectrum. Adversely, employing a deep-red emitting phosphor in a WLED would
strongly decrease its luminous efficacy. Here, the challenge is the combination of these
mutually exclusive properties of sufficiently deep-red emission and consequently good color

rendition, and high luminous efficacy.

Figure 1.3: Additive color mixing of the three base colors red, green and blue.

The compound class of nitridometallates has proven its potential in producing promising
phosphors for application in solid-state lighting (SSL). These materials are structurally
derived from silicate chemistry with the anions being N~ instead of O%". Their crystal
structures consist of anionic tetrahedron networks and additional cations for compensation
of the network charge. Prominent subclasses of nitridometallates are nitridosilicates,
formally the subclass most closely related to oxosilicates. Luminescence in nitridosilicates
upon doping with the rare-earth metal Eu was first observed and described for compounds
of formula type M,SisNg:Eu?* (M = Ca, Sr, Ba, Eu).**??

Solid solutions BaXSrz_XSisNngu2+, often abbreviated BSSNE, show a distinct amber emission
color ideal for indicator- and traffic lights and are therefore widely used in LEDs for the
automotive sector. Possibly the most widely used nitridosilicate phosphor is the red emitting
Sr.Ca;- AISiN_o,:Eu2+ (SCASN).23'24 Although its emission characteristics are far from optimal—

due to the relatively broad emission of the Eu*" emission a significant portion of the red light
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emitted in the non-visible infrared region of the electromagnetic spectrum—it long
remained unrivalled. In analogy to naturally occurring silicates, that frequently exhibit mixed
occupancy of the network cation position with Si** and AI**, SCASN also shows mixed
occupancy of Si and Al.

State-of-the-art nitride phosphors often contain no Si at all, but a variety of other network
cations like the already mentioned AI**, Mg”, Li*, Ga>* and Ge", or even Be?. Of special
interest for this work is the nitridoaluminate class of materials. While prior to our group
taking interest in silicon-free nitridoaluminates only five compounds of this material class

had been known,*™’

that number could greatly be increased and our research has brought
forth several groups of highly-promising host materials. The group with the most
representatives to date crystallizes isotypically with the UCr4Cs crystal structure or
derivatives thereof.”® The obtained materials M[Mg,ALN4J:Eu** (M =Ca, Sr, Ba, Eu;
"MMA"),?® Ca[LiAlsN4]:Eu®* ("CLA")*® and Sr[LiAlsN4]:Eu®* ("SLA")*! are structurally closely
related with a high degree of condensation k=1. The main difference between these
compounds is that in MMA the network cations Mg2+ and A" are statistically distributed
over the network cation sites resulting in (Al,Mg)N,4 tetrahedra, while in CLA and SLA the
network cations Li* and AI** show ordering with distinguished LiN4- and AIN,4 tetrahedra, as
displayed in Figure 1.4.

The alkaline-earth counterions are coordinated cube-like by eight N atoms, with uniformly
long bond lengths. In conjunction, these structural motifs are correlated with the excellent
optical properties of especially SLA. High rigidity of the tetrahedral network and cube-like
coordination of the activator site contribute to a small Stokes shift, and consequently a small
fwhm, due to suppressing relaxation of the activator in its excited state and structural
relaxation in general.

In contrast to statistical disorder, where the varying crystal fields and activator—ligand bond
lengths cause strong inhomogeneous line broadening, it is minimized by the ordering of
network cations present in SLA. With an emission maximum of A =650 nm, an fwhm of
~1180cm ™’ (=50nm) and a QE.e(473 K) >95%, prototype LEDs employing SLA as red
emitting material exhibit excellent color rendition (Ra8=91) and luminous efficacies
increased by 14% compared to commercially available products.>* The luminous efficacy of
high-CRI white LEDs could be further increased, if a red-luminescent material with slightly

blue-shifted emission at Aem, ~ 630 nm and fwhm = 1100-1200 cm™* compared to SLA was
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available. Recently, nitridooxidolithoaluminate Sr[LizAIZOZNz]:Eu2+ with very favorable
emission characteristics, was reported on.** The compound crystallizes in an ordered variant
of the already mentioned UCr4C,4 structure type and emits red light at A, =614 nm and
fwhm = 1286 cm™. Here, the emission peak position on the one hand further reduces IR-
spillover compared to SLA, but on the other hand also reduces deep-red chromatic

saturation necessary for obtaining excellent color rendition.

Figure 1.4: Comparison of the crystal structures of M[Mg,Al,N,] (M = Ca, Sr, Ba, Eu) (top), Ca[LiAlzN,]
(middle) and Sr[LiAlzN,] (bottom). In M[Mg,Al,N,] (M = Ca, Sr, Ba, Eu) the tetrahedron centers are

statistically occupied by either Mg or Al.

A major challenge when synthesizing novel nitridoaluminates is the thermal stability of the
reactant AIN. The high temperatures needed for activating AIN and making a reaction
possible often cause significant evaporation or dissociation of other starting materials in the

reaction mixture. This is especially the case for magnesium and its relevant compounds, but
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also for example strontium and lithium. During syntheses in the radio-frequency (rf) furnaces
at ambient pressures, a fogging of the glass reactor's inner wall with evaporated reactants or
intermediates could regularly be observed. Due to the limited mechanical stability of the
glass apparatus around the rf furnaces the reactive gas pressure cannot exceed ambient
pressures, even though increased gas pressure would help converging the dissociation
temperatures of the different metal nitrides used in the reactant mixture and effectively
reduce evaporation.

Although combined high-pressure/high-temperature synthesis methods were previously
available in our group in the form of ultra-high pressure hydraulically operated multi-anvil
presses, synthesis of large-quantity phase-pure samples is close to impossible. The just
described starting position prompted intense research efforts for discovering other novel
nitridoaluminates. Hot isostatic pressing (hot isostatic press, HIP) of the respective reactants
for synthesizing nitridoaluminates has proven its superiority over simple heating in any kind
of pressureless furnace. Since the initial startup of the HIP in our group in March 2017, and
earlier at Lumileds Phosphor Center Aachen (LPCA), several novel highly promising
nitridoaluminate phosphors have been discovered, some of which are part of this work and
will be discussed in detail later on.

These materials are united by their method of synthesis using the heterogeneous high-
temperature/high-pressure reaction of the metal hydrides and -nitrides (-oxides and -halides
for the activator Eu) with N, possible in a HIP. Furthermore, other compound classes have
been found to be accessible via this approach, e.g. nitridophosphates and nitridoberyllates/-
silicates. As the just mentioned compound classes are part of different research projects, the
obtained results will not be discussed in this thesis. In the following, the synthesis, crystal
structure and  physical properties of the nitrido(litho/magneso)aluminates
CaBal[Li,AlgNg]:Eu**  (CBLA),*®  0-Srg[Liz-0.5xMgxAlr2-05xNas]:EU**  (x=(0), 2, 4) and

B-Sro[MgAIsN;]:Eu?*,3* CazoxLigsaxlAlsgNss]:Eu®" (x = 0-2)*° are presented in detail.
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2. Hot Isostatic Press (HIP)

Aside from the main theme of nitridoaluminates, the aforementioned compounds are united
by their method of synthesis. All here presented materials were obtained by a
heterogeneous high-temperature/high-pressure reaction of the metal hydrides and -nitrides
(-oxides and -halides for the activator Eu) with N, in a hot isostatic press (HIP). Traditionally,
the process of hot isostatic pressing is associated with ceramics production and powder
metallurgy, where it is used for compacting pre-sintered closed-porous parts to final
specifications. Open porous work pieces can only be compacted by this method, when the
whole part is packaged in a gas proof but flexible container. Otherwise, the internal pressure
of the pores adjusts to the external pressure, preventing compression of the pore.
Depending on the type of furnace used and the dimensions of the pressure vessel, maximum
temperatures of =2000°C and pressures up to =670 MPa are within the operating
envelope. As hot isostatic pressing is generally associated with increased technical
complexity and is therefore costly, the method is mainly used for the treatment of small
batch series and the production of ceramic parts with increased demand for dimensional
accuracy.

In our case, the HIP was used mainly for expanding the operating parameters of our high-
temperature syntheses. Several HIP systems were initially considered for acquisition: An EPSI
Type HIP 200-77x150 G HIP with graphite furnace (Tymax = 2000 °C, @ =77 mm, h = 150 mm)
and a pressure vessel with yoke (pmax = 200 MPa, Ar/N,) and an AIP6-30H HIP with carbon
fiber reinforced carbon furnace (Tmax=2000°C, 2 =70 mm, h=125mm) and a threaded
pressure vessel (pmax = 207 MPa, Ar/N,/vacuum). Systems from both manufacturers are used
at our co-operation partner Lumileds Phosphor Development Center Aachen (LPCA) research
and production facilities. Based on the experience gained at LPCA, the AIP system was
chosen for purchase since it combined lower cost of acquisition and operation with simple
serviceability. Additionally, an identical system is used at LPCA for research purposes,
making results easily transferable.

The setup of the machine is pictured in Figure 2.1. Preparations for installing the HIP

included finding a location suitable for accomodating a larger machine and its structural
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2. Hot Isostatic Press (HIP)

analysis due to the machines considerable weight. Supply of the machine with the necessary
media compressed air (Q = 56.6 L/min, pmax = 0.7 MPa), N3 (Pmin = 5.5 MPa, pmax = 19.2 MPa),
Ar (pPmin = 5.5 MPa/1 MPa, pmax = 19.2 MPa) coolant water (Q = 37.8 L/min, Tin = ambient)
and electricity (3 phase, Inax=60A, U380/415/480V) had to be ensured and partially

required additional equipment.

Figure 2.1: Fully installed and operational AIP6-30H HIP (center, blue) with pressure booster (top left)
and supply lines. The pressure vessel with the crane for lifting the threaded lid and its coolant lines
comprise the left side of the machine. The control cabinet on the right houses the control electronics,

electrical installation, valves and pumps as well as the main compressor.

A secondary cooling unit ensuring the proper coolant flow and temperature was aquired,
because the primary coolant temperature was too low and could have caused condensation
within the machine. High-pressure N, was supplied with a compressed-air driven two-stage
pressure booster (Maximator DLE-5-30-2, pmax =60 MPa) set to an output pressure of
12 MPa and equipped with a relief valve with 18 MPa triggering pressure. The pressure
booster volume output was originally specified to exceed the HIP's main compressors intake
volume of = 40 Ly/min, making a pressure reservoir that would require periodical inspection
obsolete. Presumably due to flow loss, the pressure booster's output volume falls behind
expectations, which has to be considered when planning a cycle recipe by allowing extended

time of = 30 min/10 MPa for pressure buildup.
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2. Hot Isostatic Press (HIP)

The operating envelope of the pressure booster is presented in Figure 2.2. In addition to
installing supply lines for the respective media, safety measures for a secure operation of the
HIP were implemented. A compartment-air surveillance system constantly measuring the O,
partial pressure and triggering optical and acoustic alarms when detecting critically low O,

concentrations was installed following code requirements.
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Figure 2.2: Operating envelope of the Maximator DLE-5-30-2 pressure booster at a drive pressure of
0.6 MPa and different N, input pressures. The output pressure was set to =12 MPa for our

application.

Secondary to the built in rupture disc preventing overpressurization of the pressure vessel
and located in the control cabinet, a pressure relief flap was mounted inside one window
frame for preventing overpressurization of the entire room in case of a catastrophic failure
of the pressure vessel. Theoretically, at 207 MPa the pressure vessel can hold the equivalent
of =20 m* unpressurized gas, about the same volume as the room the HIP is located in.
Ventilation in the room was increased to 8-fold air exchange per hour, reducing the risk of
asphyxiating gas accumulations. Furthermore, the air exhaust port was moved to floor level

to prevent hazardous accumulations of higher density gases.
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class of nitridoaluminates comprises
intriguing phosphor materials, e.g., Sr[LiAlsN4]:Eu** or Ca[LiAlsN4]:Eu?*. Here, we describe the
novel material Ca18.75Li10__=,[AI39N55]:Euz+ with highly efficient narrow-band red emission
(Aem = 647 nm, full width at half-maximum, fwhm = 1280 cm_l). This compound features a
rather uncommon crystal structure, comprising sphalerite-like Ts supertetrahedra that are
composed of tetrahedral AIN4 units that are interconnected by additional AIN; moieties. The
network charge is compensated by Ca®* and Li* ions located between the supertetrahedra.
The crystal structure was solved and refined from single -crystal and powder X-ray diffraction
data in the cubic space group Fd 3m (No. 227) with a = 22.415(3) A and Z = 8. To verify the
presence of Li, transmission electron microscopy (TEM) investigations including electron
energy-loss spectroscopy (EELS) were performed. Based on the intriguing luminescence
properties, we proclaim high potential for application in highpower phosphor-converted

white LEDs.
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Introduction

With respect to the varied and manifold structural chemistry of sialons
(oxonitridoaluminosilicates), nitridoaluminates should exhibit structural similarities to
nitridosilicates and thus are expected to show similar materials properties and applications.
Basically, nitridoaluminates contain condensed AIN,4 tetrahedra forming silicate-analogous
anionic frameworks embedding counterions that compensate the negative formal charge.
Since the discovery of LisAIN; in 19467 as the first representative of this compound class,
only three further nitridoaluminates have been described prior to 2012, namely, a- and 8-
Cas[Al;N4] and MsAILN4 (M =Sr, Ba), as well as Cas[AIzNe].3'S Presumably, the very high
thermodynamic stability of binary aluminum nitride AIN impedes synthetic access to less-
condensed—and, thus, less-stable—ternary or higher nitridoaluminates. As a typical product
of hightemperature synthesis, AIN is often reluctant to react because of kinetic inhibition as
well. Recently, several novel nitridoaluminates with remarkable structural features and
materials properties have been reported, namely, Ca[LiAIN,], M[Mg,Al,N4] (M = Ca, Sr, Ba,
Eu), and M[LiAIsN4] (M = Ca, Sr).>™

As a common feature, these compounds contain highly condensed network structures of
vertex- and edge-sharing AIN,4 tetrahedra with partial substitution of Al by Li or Mg. Thus, the
degree of condensation (i.e., atomic ratio T:N, where T = Al, Mg, Li) is k =1, corresponding
with the value of binary AIN itself. The high stability of these nitridoaluminates may be due
to the fact that their anionic network structures can be considered as hypothetical structural
variants of AIN with partial substitution of the tetrahedral centers by Li or Mg. Similar to that
observed with aluminosilicates, such substitution causes the formation of anionic network
structures with a resulting negative formal charge that can be compensated by alkaline-
earth metal cations. Upon doping with Eu®’, strong 4f’—4f°5d* luminescence has been

reported for such nitridoaluminates,’ ™

which may well find application as lightemitting
diode (LED) phosphors like the nitrides (Ba,Sr),SisNg:Eu®" and CaAlSiN3:Eu**.**** Phosphor-
converted LEDs (pc-LEDs) could help reduce the amount of energy used for lighting
significantly.

Even for devices with high color rendition indices (CRIs), high luminous efficacies can be

achieved when employing next-generation red-emitting materials (e.g., Sr[LiAl3N4]:Eu?).** As

a variant of the UCr,C, structure type, Sr[LiAlsN4]:Eu** emerged as an intriguing narrow-band
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red-emitting phosphor. The high degree of condensation, cubelike coordination of the
activator Eu2+, and ordered distribution of Li and Al tetrahedral centers leads to
unprecedented narrow emission in the red spectral region. In this contribution, we present
the novel nitridoaluminate Ca18.75Li10_5[AI39N55]:Eu2+, featuring a highly condensed host
lattice. Doped with Eu®, this novel material shows intense emission in the red spectral
region with a narrow full width at half-maximum (fwhm), similar to Sr[LiAlsN,]:Eu®* .2
However, the structural features unprecedented in nitride chemistry diffe fundamentally

from the previously described LED phosphors.

Experimental Section

Synthesis

All manipulations were performed under rigorous exclusion of oxygen and moisture in
flame-dried glassware on a Schlenk line attached to a vacuum line (107> mbar) or in an
argonfilled glovebox (Unilab, MBraun, Garching, O, <1 ppm, H,O0 <1 ppm). Synthesis of
Ca18_75Li10._r,[AI39N55]:Eu2+ (nominal Eu?* concentration = 0.5 mol %) was carried out in
molybdenum-lined corundum crucibles in a hot isostatic press. The starting materials—LizN
(Sigma-Aldrich, 99.99%), CaH, (Cerac, 99.5%), AIN (Tokuyama, 99%), and EuFs; (Sigma-
Aldrich, 99.99%) as a dopant—were premixed in stoichiometric amounts in an agate mortar,
followed by fine mixing in a ball mill. The mixture was subsequently filled into the crucibles
and heated for 5 h at 1250 °C and a nitrogen pressure of 51.7 MPa. Red octahedral-shaped
single crystals of Ca18,75Lilo,s[AlggNg,S]:Eu2+ were isolated from the yellowish product under a
microscope that was integrated in a glovebox. The crystals were enclosed in glass capillaries
and sealed under argon. Storage of the powder materials in ambient air for more than 12

months did not lead to noticeable changes in composition.

Single-Crystal X-ray Diffraction

Single-crystal diffraction data were collected on a STOE IPDS | diffractometer (Mo Ka
radiation, graphite monochromator). The crystal structure was solved using direct methods
with SHELXS.' The structure was refined by the leastsquares method using SHELXL.™ Details

on the structure investigations may be obtained from the Fachinformationszentrum
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Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the Cambridge Structural Database depository No.
CSD-430639.

Powder X-ray Diffraction

Powder X-ray diffraction data were collected on a Huber G670 Guinier imaging plate
diffractometer (Cu Ka;y radiation, Ge(111) monochromator). Bragg data were simulated
based on the single-crystal structural data using the WinXPOW program package.'® Rietveld

refinement was carried out using the TOPAS package.17

Electron Microscopy

For scanning electron microscopy (SEM) investigations, an SEM microscope system (JEOL,
Model JSM-6500F) equipped with a Si/Li energy-dispersive X-ray (EDX) detector (Oxford
Instruments, Model 7418) was used. For transmission electron microscopy (TEM)
measurements, a TEM microscope system (FEI, Model Titan 80—300) equipped with a post-
column energy filter (Gatan, Model GIF Tridiem) and an EDAX EDX detector for analytical
characterizations was employed. Diffraction patterns were recorded with a CCD camera
(Gatan, Model UltraScan 1000) (2k x 2k) and evaluated using a calibrated camera constant
obtained by using a Si standard. The TEM investigations were conducted at an accelerating

voltage of 300 kV.

EDX Spectroscopy

To analyze the chemical composition of different crystallites, EDX data were collected with
an accelerating voltage of 12 kV. Furthermore, the SEM system was used to collect images

for investigating the particle morphology.

Electron Energy-Loss Spectroscopy (EELS)

EELS measurements were performed in diffraction mode in the TEM with a selected area
diffraction aperture choosing a circular area of 150 nm in diameter to avoid beam damage.
A 2 mm entrance aperture of the spectrometer and a camera length of 130 mm were
applied resulting in a collector angle of 13.5 mrad. Dispersions of 0.3 eV/channel were used,

leading to a fwhm of =0.9-1.2 eV of the zero loss peak. The acquisition time for the Li K-
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edge and Al L2,3-edge was 10s. The obtained data were corrected for dark current and
channel-to-channel gain variation. The pre-edge background was approximated by a

firstorder-log-polynomial function and subtracted from the original data.'®

Luminescence

Luminescence investigations were performed on a luminescence microscope consisting of a
Horiba Fluorimax4 spectrofluorimeter system that was attached to an Olympus Model BX51
microscope via fiber optics. Single crystals were measured in glass capillaries. Bulk samples
were investigated in PTFE sample holders. The excitation wavelength was set to 450 nm with
a spectral width of 10 nm. The emission spectra were measured in the wavelength range
between 460 nm and 800 nm with a step size of 1 nm. Excitation spectra were measured in
the wavelength range between 350 nm and 570 nm with a step size of 1 nm, using a monitor

wavelength of 650 nm.

Results and Discussion

Synthesis and Chemical Analysis

The synthesis described above enabled access to the system Ca(zo_x)Li(8+2X)[A|39N55]ZEU2+ in

which the phase Calg,ysLim,s[AlggNss]:Eu2+ could be isolated as single crystals (Figure 3.1).

SEl 15.0kV X300 1 Oum_ WD 10.0mm

Figure 3.1. SEM image of Calg.75Li10.5[A|3gN55]:EU2+.
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SEM/EDX investigations (five measurements on different crystals) show a Ca:Al:N atomic
ratio of 1:2.1:4.0, which is in good accordance with the sum formula. However, a slight
overestimation of nitrogen is observed. Eu was not detected in SEM/EDX because of the low
accelerating voltage of 12 kV. The oxygen content is zero within the estimated standard

deviations.

Crystal Structure

The crystal structure of Caig sLitos[AlzgNss] was solved and refined in the cubic space group
Fd3m (No. 227) with a = 22.415(3) A and Z = 8. The crystallographic data are summarized in
Table 3.1. The atomic coordinates, isotropic displacement parameters, Wyckoff positions,
and site occupancy factors (SOF) are specified in the Supporting Information (Table S8.1).
Anisotropic displacement parameters are listed in the Supporting Information (Table S8.2).
Selected interatomic distances are listed in the Supporting Information (Table S8.3). Eu** was
neglected during structure refinement due to the small amounts of dopant concentration
and, therefore, the insignificant scattering density. Ca18,75Li10,_:,[AI39N55]:Euz+ is built up by a
network of vertexsharing supertetrahedra with an edge length of five individual AIN4
tetrahedra-denominated Ts, each consisting of 35 AIN; units (Figure 3.2a). The AIN4
tetrahedra share common corners as well and form a section of a sphalerite-type network.
The supertetrahedra can thus be described as building blocks of cubic AIN.

By vertex sharing, the Ts supertetrahedra form a diamond-type network with all
(super)tetrahedra pointing in one direction (e.g., up). The voids of this superstructure are
filled with a second diamond-type network of Ts supertetrahedra. In the latter structure, all
(super)tetrahedra point in the opposite direction (e.g., down). These two superstructures
interpenetrate each other and thus represent a hierarchical variant of the NaTl structure

19,20 Furthermore, the Ts supertetrahedra are cross-linked by additional AIN; moieties,

type.
resulting in a high overall degree of condensation (k=0.71). The nitridosilicate Li,SiN,
exhibits a remotely similar crystal structure formed by two noncondensed interpenetrating
cristobalite-type networks of all-vertex sharing SizN1o T» supertetrahedra.21

The main difference between the two structures, other than the supertetrahedron size (Ts vs
T,), is that, in Li,SiN,, the adamantane-type SisNio T, supertetrahedral networks are not

condensed with each other. Thus, in Ca18_75Li10_5[AI39N55]:Eu2+, the supertetrahedra

themselves form diamond-type Ts-supertetrahedra of infinite order in what can be described
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in terms of a hierarchical structure. Other than in Li,SiN,, supertetrahedra are not often

encountered as structural motifs in nitride chemistry.

Table 3.1. Crystallographic Data of the

Cayg 75Lisg.s[Al3gNss]’

sum formula

crystal system

space group

lattice parameters
cell volume

formula units/unit cell
density

W

T

diffractometer
radiation

F(000)

profile range

index ranges

number of independent
reflections

number of refined parameters
goodness of fit

R1 (all data); R1 (F? > 206(F?)
wR2 (all data); wR2 (F? > 26(F?)

ApmaxrApmin

Single-Crystal Structure Determination of

Cais7sLiz05[Al3oNss]
cubic

Fd3m (No. 227)
a=22.415(3) A
11263(2) A®

8

3.123g-cm™
2.432 mm™*
293(2) K

Stoe IPDS |

Mo Ke (A = 0.71073 A), graphite
monochromator

10389.9

2.57°=£0=30.35°

-29<h<29
-31<k<31
-31</<31

854 [R(int) = 0.0845]

74

0.991

0.0414, 0.0257

0.0604, 0.0569

0.616 e:A, -0.475e-A”

%e.s.d.s in parentheses

Isolated T, supertetrahedra were found in the nitridophosphate LizoPaN1o** and low-degree-
of-condensation SisNig supertetrahedra occur in the nitridosilicate CasM5[SisN17] (M =Sm,

Yb),” but most reports, especially of large supertetrahedra, have been found in the

24-29

compound class of main-group and transition-metal chalcogenides. The structures range

from isolated supertetrahedra to one-dimensional (1D) chains and three-dimensional (3D)

24,30

networks of vertex-sharing supertetrahedra. The open pore structures and less
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condensed phases are commonly stabilized by sterically demanding counterions for charge

compensation.27_29'31

R ”'H“,\
‘H‘p ~uu

Figure 3.2. Sketched structure of Cajg-sliins[AlsgNss]:Eu** showing the characteristic structural
feature of Ts supertetrahedra: (a) AIN,-tetrahedra network, (b) three different Ca sites (Cal, yellow;

Ca2, green; Ca3, orange), and (c) two Li sites (red).

In Caigzslitos[AlssNss]:Eu®’, the counterions Ca®* and Li* fill the interstitial spaces between
the Ts supertetrahedra frameworks (Figure 3.2a). Ca occupies three different sites
(Figure 3.2b) with Cal and Ca3 showing trigonal antiprismatic (distorted octahedral)
coordination by N and Ca—N distances, ranging from 2.39 A to 2.73 A. Ca2 shows trigonal
prismatic coordination with Ca—N distances from 2.49 A to 2.73 A. Structural refinement of
single-crystal and powder XRD data revealed a partial occupation for Ca2 (SOF = 0.375).
Resulting from a split refinement, Li occupies two positions forming rings around the N1
position (Figure 3.2c). Li-N distances range from 1.94 A to 2.52 A. The Ca-N and Li-N
distances observed here are in good agreement with the sums of the ionic radii and bond
lengths known from other nitridoaluminates or lithium nitrides.>?>32734

The nitridoaluminate Caig7slitos[AlsgNss] is  structurally related to the manganate
NaZGMn39055.35 Both compounds exhibit similar structural motifs. However, the coordination
of the Ca2 site in Caig sLitos[AlsgNss] differs from the corresponding Na site in NaMnsgOss.
In the latter compound, the respective Na* occupies Wyckoff position 96g and is coordinated
by five N forming quadratic pyramids. In Caig7sliios[AlsgNss], Ca2 is located at Wyckoff

position 48f, which is centered between the Na atoms (Figure 3.3). Therefore, both

compounds can be described as homeotypic.
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Na3 site in Na,;Mn;,O,;
Wyckoff position 96g

Ca2 site in Ca,g 75Li40 5Al39N5s
Wyckoff position 48f

Na3 site in Na,Mn;40;;
Wyckoff position 96g

Figure 3.3. Detail of the Cayg75Liins[AlsgNss] crystal structure showing the Ca2 site (Wyckoff position
48f) coordinated trigonal prismatically by N (light green polyhedron) which is different from the Na
coordination in Na,sMn340s5 (red polyhedra). Trigonal antiprismatic Cal—N6 coordination spheres are

depicted as solid yellow polyhedra.

Powder X-ray Diffraction

Rietveld refinement of powder X-ray diffraction (XRD) data based on the structural model
obtained from single-crystal XRD is in good accordance with the observed diffraction
pattern. Crystallographic data from Rietveld refinement are summarized in the Supporting

Information (Table S8.4). The crystal structure of the bulk material Ca1g 75Li10.5[AlsgNss] could
thus be proven to be identical to that of isolated single crystals (see Figure 3.4). The side
phase (AIN) was quantified to =40 wt% from Rietveld refinement. Whether the observed AIN
remained nonreacted from the starting materials or formed anew, because of
decomposition of the title compound during synthesis, is unclear at this point. At very high
temperatures, several nitridoaluminates show a tendency to decompose over time under
the formation of binary AIN. Efforts to reduce or eliminate the impurity phase are the

subject to ongoing research.
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Figure 3.4. Observed (blue) and calculated (red) XRD patterns, as well as a difference profile of the
Rietveld refinement of Caigssliigs[AlssNss] (gray). The vertical blue bars indicate possible peak

positions of the title compound; green bars indicate the peak positions of the side phase (AIN).

Luminescence

Eu**-doped samples of the title compound exhibit intense red luminescence when irradiated
with ultraviolet (UV) to green light. Luminescence investigations were performed on single
crystals sealed in silica glass capillaries and on bulk samples in polytetrafluoroethylene
(PTFE) sample holders. Both methods deliver similar results; therefore, only measurements
of bulk samples with 0.2-1 mol% Eu (nominal composition) are discussed here. Since
Ca13,75Li10,5[AI39N55]:Eu2+ is only one representative in the solid-solution series
Ca(zo_,()Li(ngZX)[AI39N55]:Eu2+ (x = 0-2), tunability of the luminescence properties is expected by
modifying the atomic ratio Ca:Li. Therefore, several nominal host lattice compositions (x =0,
1.25, 2) were examined.

Excitation of the title compound (x=1.25) at 450 nm yields an emission band with a
maximum at 647 nm and a remarkably narrow fwhm of 1280 cm™ (=54 nm), with an internal
guantum efficiency (IQE) of 11% (see Figure 3.5). Peak emission and fwhm values are in the
range of recently published Sr[LiAl3N]:Eu®" (Aem = 650 nm, fwhm = 1180 cm™?),® which is a

narrow-band red-emitting material with high industrial relevance.
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Figure 3.5. Excitation (blue, monitored at 650 nm) and emission (red, Ae. =450 nm) spectra of

Caigzslitos[AlsgNss]:Eu®* bulk material with a dopant concentration of 0.5mol% Eu (nominal

composition).

The excitation spectrum shows two bands: one in the UV to blue range, peaking at =380 nm,

and another broader band in the blue to green spectral region (see Figure 3.5, blue line).

Table 3.2. Luminescence Data of the Solid-Solution Series Ca(zo_,(,Li(,Mx,[AI3,9N55]:Eu2+

x=0 x=1.25 x=2
internal quantum efficiency
(Aexc =390 nm) 0.04
(Aexc =450 nm) 0.03 0.11 0.14
(Aexc = 500 nm) 0.09 0.24
chromaticity
X 0.391 0.699 0.699
y 0.308 0.300 0.301
lumen equivalents 124 103 93
Ammax 640 nm 645 nm 648 nm
fwhm (Aexe = 500 nm) 61 nm 58 nm 56 nm

The high and low x-values of the solid-solution series (x = 0, 2) yield comparable results (see
Table 3.2 and Figure 3.6). The excitation maximum is located at 525 nm. Because of these

two excitation maxima and a local minimum in excitation sensitivity at 450 nm, additional
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photoluminescence spectra were recorded at excitation wavelengths of 390 and 500 nm. In
pc-LEDs, such broad excitation bands can lead to reabsorption of green—yellow light by Eu?-
activated red-emitting materials. This is a common problem that is not restricted to
Ca(zo_X)Li(g+2X)[AI39N55]:Eu2+. It can be addressed by layering the phosphors, with the red
emitter being placed directly onto the LED chip. Thus, only backscattered light from the

green—yellow-emitting components can be reabsorbed by the red phosphor.

Reflectance / Excitation
Photoluminescence Intensity

rr T —rrrrrrTrrTrrTrrTr T T 1T
250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm

Figure3.6. (a) Excitation, (b) reflectance, and (c) emission (A=390nm) spectra of

Cajz0Lifes20[AlzoNss]:Eu*" (x = 0-2).

A slight shift of the emission maximum toward lower energies for lower Ca contents can be
observed. This shift is accompanied by increasing IQEs but also decreasing lumen
equivalents, because of the longer emission wavelengths. The observed increase in IQE for
excitation at 390nm, compared to excitation at 450nm, results from
Ca(z(J_,()Li(g;1L2)<)[AI39N55]:Eu2+ exhibiting a local absorption minimum at 450 nm. Because of the
longer optical path length needed for absorption at 450 nm, in comparison to both longer
and shorter wavelengths, processes such as absorption at defects and side phases become
more likely. Excitation at more readily absorbed wavelengths and samples with significantly
reduced amounts of side phase should therefore lead to higher QEs.

Thermal behavior of the emission (Figure 3.7) shows strong thermal quenching. Relative
guantum efficiencies (Aexc = 450 nm) at room temperature range from 45% for x =0, to 53%

for x =1.25, to 65% for x = 2. At 423 K, relative quantum efficiencies drop below 10% for all
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compositions. A negative influence of the AIN side phase on the thermal behavior of the
emission seems unlikely, since AIN itself is optically inactive. Eu2+—doped samples of AIN
show blue luminescence only in conjunction with either codoping by Si (<9%)*° or partial
substitution of Al by Ga.*” Here, AIN is merely an additional scattering material. Still, a
hypothetical nonradiative energy transfer from Caig7slios[AlsgNss]:Eu®" to AIN:Eu®* and

subsequent dissipation cannot be totally excluded.
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Figure 3.7. Thermal behavior of the emission of Ca(ZO_X)LI(8+2X)[AI39N55]:Eu2+.

Compared to other red LED phosphor materials, such as (Ba,Sr)ZSi5Ng:Eu2+ (Aem = 590—
625 nm, fwhm =2050-2600 cm })***38  or  (Ca,Sr)SiAIN3:EU?  (Aem = 610—-660 nm,
fwhm = 2100-2500 cm_l),lz'39 Ca13,75Li10,_:,[AI39N_:,5]:Eu2+ shows a remarkably reduced fwhm.
This very narrow emission is probably due to the highly symmetric coordination of the Ca
sites on which Eu”* is believed to be located as well. Such a narrow band emission in a Eu**-
doped system is typically obtained only when several requirements for the host lattice are
fulfilled. On one hand, the linked sphalerite-type Ts supertetrahedra result in a framework
with a high degree of condensation (k=0.71), which is expected to be beneficial for
minimizing structural relaxation around the activator site in its excited state.

On the other hand, the highly symmetric coordination spheres (2x trigonal antiprismatic, 1x

trigonal prismatic) of the three Ca sites may lead to a small Stokes shift. This assumption is
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corroborated by other experimental observations, suggesting that a high activator site
symmetry enables smaller Stokes shifts and therefore reduces emission bandwidth.*
Similarly, this effect is observed in other Eu®* phosphors, such as M[LiAlsN4]:Eu** (M = Ca, Sr)
or BaSi,0,N,:Ey** 824142

As mentioned previously, there are three crystallographically independent sites for Ca** or
Eu®" available in Ca18.75Li10.5[AI39N55]:Eu2+. However, this fact is not in good agreement with
the observed narrow-band emission. Different chemical environments around multiple
activator sites usually cause broadened composed emission bands. Because of the dense
packing of the host framework, an occupation of interstitial positions by Eu** seems unlikely.
We presume that Eu®* is present at all Ca sites, but favors the partially occupied trigonal
prismatically coordinated Ca2 site. The larger average Ca2—-N distances of 2.65 A are in
better agreement with the sum of the ionic radii of Eu** and N* (2.68 A), according to
Baur,32 than the average Cal-N distances of 2.45 A and Ca3-N distances of 2.42 A. However,
the obtained data suggest that emission occurs from Ca sites with the lowest lying
absorption bands, which are most likely the 6-fold coordinated sites with the shortest Ca—N
contacts (trigonal antiprismatically coordinated sites Cal and Ca3).

The already-mentioned increase in QE with decreasing Ca content may be explained by
simultaneously higher Eu** occupancy of the Cal and Ca3 sites, which is favorable for
luminescence. When irradiated with blue—green light (Aexc = 500 nm),
Ca(zo_,()Li(ngzX)[AI39N55]:Eu2+ shows its strongest photoluminescence and highest quantum
efficiencies (Table 3.2). In conjunction with the strong absorption in the UV region
(Figure 3.6b), the experimental observations indicate that the 5d levels of Eu? of the
nonluminescent site are located within the conduction band, because of the larger energetic
separation of the Eu? 4f and 5d states. This assumption is supported by the low-
temperature emission measurements down to 6 K that do not show additional emission
bands or broadening of the emission band. Thus, UV light is most likely absorbed by multiple
Eu?* sites but emission is partly quenched by photoionization, i.e., excitation of the
respective electron into the conduction band, which explains the low overall QE values.”
Low-energy excitation in the green spectral range mainly leads to absorption by the emitting
sites and, thus, higher QE values, without a significant change of the emission band position

and shape.
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EELS

To confirm the presence of Li in the crystal structure, EELS measurements were performed in
a TEM with an accelerating voltage of 300 kV. The Li K-edge in Figure 3.8 occurs at =56.5 eV

and has a maximum at 61.6 eV.

Li-K

Al-L

Onset
56.5 eV

Intensity / a.u.

50 100 150 200
Energy Loss / eV

Figure 3.8. EELS spectrum of Caig 7sLizos[AlsgNss]:Eu®*. The energy loss region of the Li K-edge, the Al
L,3-edge, and the Al L;-edge is shown. The background to the left of the Li K-edge has been

subtracted.

The Al L, 5 edge and Al L; edge can be seen in the spectrum, but they overlap with the higher
energy loss region of the Li K-edge. The onset values of the Al edges cannot be determined
exactly, because of overlapping. However, the Al L,3-edge shows a maximum peak at
82.6 eV. The value of the Li K-edge shows a slight deviation, compared to data obtained from
the literature (for example, Li,TiP (x = 2—11), Li,CaSi,Ng4, or Li,SrSi;N4, which is a result of
different bonding types).43'44 The shape and maximum peak of the Al L, 3-edge are in good

18,45

accordance with data published in the literature. The EELS investigations clearly confirm

the presence of Li and Al being integrated in the structure.
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Conclusion

In this contribution, we have reported on the new nitridoaluminate Ca18,75Li10,5[AI39N55]:Eu2+
with an exceptional crystal structure and intriguing luminescence properties. The compound
was synthesized by a heterogeneous high-temperature/high-pressure reaction. Its crystal
structure consists of two interpenetrating diamond-type networks of vertex-sharing Ts
supertetrahedra connected by bridging AIN4 tetrahedra. Ca and Li fill the interstitial space
between the Ts supertetrahedra network structure. Formally, the structure consists of *54%
cubic AIN by volume, accounting for its thermal stability and chemical inertness. The
structural model was refined from single-crystal and powder X-ray diffraction (XRD) data.
Furthermore, the presence of Li in the crystal structure was confirmed by EELS spectroscopy.
Luminescence investigations on Eu2+-doped samples of Caig 75Lii05[Al3gNss] show intense red
emission peaking at 647 nm when irradiated with UV to green light. The fwhm of =1280 cm™t
(=56 nm) is exceptionally narrow for Eu** phosphors.

These values are close to other recently published narrow-band red-emitting materials of
the nitridosilicate or nitridoaluminate compound class, such as Sr[LiAlsN,]:Eu** or
Sr[l\/lg3SiN4]:Eu2+, which are being intensively discussed as possible next-generation
phosphors.®*® However, the uncommon crystal structure of our material demonstrates that
narrow-band Eu®* emission is not limited to derivates of the UCr4C4 structure type and
cubelike coordination of the heavy atom. In fact, we could show that trigonal (anti)prismatic
or octahedral coordination are also suitable for narrow emission bands in Eu**-doped
condensed nitride materials.

In this context, the synthesis of the Sr analogue Sr(zo_X)Li(8+X)[A|39N55]ZEU2+ would be
specifically interesting. Substitution of Ca for Sr could lead to energetically lowered 4f and 5d
states within the host lattice band gap and thus higher quantum efficiencies.*’
Consequently, we claim that Ca18,75Li10_5[AI39N55]:Eu2+ widens the group of intriguing red-
emitting materials and has the potential for application in pc-LEDs. Because of the
exceptional crystal structure and the regardless remarkably narrow red emission, we claim
that Ca13_75Li10,5[AI3,9N_=,5]:Eu2+ is a key material with regard to further comprehending the

. 2 ..
principles of narrow-band Eu’* emission.
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Abstract

Red-emitting phosphors with the
general sum formula
Srs[Lip-0.50MgxAlp2-0.59Nagl:Eu**  for
application in warm-white
illumination grade light emitting
diodes were obtained by reacting the

metals, hydrides, and nitrides in

molybdenum crucibles in a hot
isostatic press. Upon irradiation with blue light (440 nm), the materials exhibit red
luminescence (emission maximum: 633—665 nm; full width at half-maximum (fwhm): 1736—
1964 cm™!, 78-82 nm) tunable by adjusting the compositional variable x (here, 2 and 4) as
well as the activator concentration (here, 0.075-1atom-% Eu®*). The materials show
promising thermal behavior of the emission with relative quantum efficiencies, compared to
room temperature, of 66% (x=0) and 84% (x=2) at 200 °C.
0-Srg[Li(a-0.50M8xAl(22-0.5N2s]:EU*" (x = 2 and 4) crystallizes isotypically with Sra[LiAl;;N14):Eu**
in the orthorhombic space group Pnnm (no. 58) with unit cell parameters a = 10.51818(5)—
10.54878(6), b = 10.44513(5)-10.48253(6), and ¢ = 3.25704(1)-3.272752(15) A.

B-Sr,[MgAIsN-]:Eu?* (x = 4) crystallizes in the monoclinic space group €2/m (no. 12) with unit
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a-Sry[MgAlsN;]:Eu?*, B-Sro[MgAIsN5]:Eu?* and Srg[LiMg,Aly;Nog]:Eu?*

cell parameters a = 11.12874(11), b = 3.27289(3), c = 10.54530(11) A, and B = 109.8939(7)°
and is obtained as side phase (<40 wt%) in syntheses with x = 4. The crystal structure of
B-Sr,[MgAIsN;]:Eu?* consists of a network of vertex- and edge-sharing Al(/Mg)N, tetrahedra
with four- and five-membered ring channels along [010]. The Sr** ions are located within the

five-membered ring channels and are coordinated cube-like by eight N atoms.

Introduction

Solid state lighting solutions have become increasingly popular over the past decade. Be it
for automotive applications, public lighting, and general illumination, light emitting diodes
(LEDs) claim an ever expanding market share. Especially, white LEDs for general illumination
exhibit superior properties compared to conventional incandescent or fluorescent light
sources. Long lifetime and reliability combined with high luminous efficacy and energy
efficiency result in improved environmental friendliness.

In general, white LEDs are manufactured by combining a blue LED with one or more
downconversion phosphors. Traditionally, broadband yellow emitting Y;Als015:Ce** (YAG:Ce)
is used as phosphor material. Such LEDs exhibit high luminous efficacies, but applications are
limited due to the low color rendering indices (CRI<70) and high correlated color
temperatures (CCT = 4000-8000 K). For high-CRI illumination-grade white LEDs, the red-
emitting phosphor is of great importance. A commonly used red luminescent material, e.g.,
is Sry_Ca,AlSiNs:Eu®* (SCASN). A major drawback of this material is the relatively broad
emission band (fwhm = 2100-2500 cm™) resulting in limited luminous efficacy." In the
(deep)red spectral region, narrow-band emission with little IR spillover is critical for
achieving the high chromatic saturation necessary for excellent color rendition while
preserving a high luminous efficacy.3 Here, the nitridolithoaluminate Sr[LiAlsN4]:Eu®" (SLA)
emerged as a highly promising red phosphor material for efficient white LEDs with excellent
color rendition properties. Exhibiting narrow band deep red emission at A¢,, = 650 nm and
fwhm = 1180 cm ™, prototype high-CRI white LEDs show a luminous efficacy increase of 14%
compared to commercially available products.”*

The discovery of Sr[LiAlsN4]:Eu®" and its superior luminescence properties have sparked
strong interest in the nitridoaluminate compound class. Prior to SLA, only few

nitridoaluminates were known and had been investigated concerning their optical
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a-Sro[MgAlsN-]:Eu?*, B-Sro[MgAlsN5]:Eu** and Srg[LiMg,Al>;N5g]:Eu

properties. Kniep and co-workers contributed mainly to the early research but did not report
on luminescence upon doping with Eu.””’ No luminescence was observed in Ca[LiAIN,],® but
almost simultaneously to the discovery of SLA, the structurally closely related red
luminescent materials M[Mg,Al,N4]:Eu®* (M =Ca, Sr, Ba, Eu) and Ca[LiAlsNJ:Eu** were
found.”*® More recently described materials include Ca[Mg,AIN;] exhibiting activator-free
orange defect Iuminescence,11 narrow-red emitting Calg.75Li10_5[A|39N55]ZEU2+ with its unusual
supertetrahedroncontaining crystal structure,** and MgsAl,N,:, (n =1, 2, 3) showing either
red Eu® or yellow Eu?* luminescence.’® Of special interest for this work was the very recent
discovery of deep-red emitting  Sra[LiAl;;N1]:Eu**  with  Aem=670nm  and
fwhm = 1880 cm™.**

As high color rendition and high luminous efficacy ultimately are mutually exclusive
properties, optimal values for both emission maximum and fwhm can be defined. Compared
to white LEDs with SLA, a further increase in luminous efficacy by 14% could be achieved by
using a red emitting material with A¢y, = 630 nm and fwhm ~ 1180 cm™t. Because of its high
sensitivity to moisture and low quantum efficiency at room temperature,
nitridomagnesosilicate Sr[Mg3SiN4]:Eu2+ is not industrially used despite its nearly optimal
emission characteristics.”> Here, we present the novel phosphors a- and B-Sro[MgAlsN,]Eu®*
as well as Srg[Lng2A|21Nzg]:EU2+, their preparation, crystal-structure determination, and
luminescence properties, as well as their potential for application in high color rendition

white LEDs for general lighting.

Experimental Section

Synthesis

All reagents and samples were handled under the exclusion of moisture and oxygen in an Ar-
filled glovebox (Unilab, MBraun, Garching, O, < 1 ppm, H,0 < 1 ppm). Representatives of the
solid-solution series with the general sum formula Srg[Li(z_o_sx)ngAI(zz_o_sx)Nzg]:EU2+ (nominal
Eu concentration: 0.075—1 mol %) were synthesized in molybdenum crucibles in a hot
isostatic press. The starting materials SrH, (Materion, 99.5%), LisN (Materion, 99.5%), Mg
(Alfa Aesar, 99.8%), AIN (H.C. Starck, grade B), and Eu,03 (Neo, 99.99%) were mixed in

stoichiometric amounts by ball milling. Subsequently, the mixture was transferred into the
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crucible and heated at 1550 °C for 5 h in a nitrogen atmosphere. Nitrogen pressure was
maintained at 50 MPa during the synthesis. a-Sro[MgAlsN;]Eu®" (compositional variable x = 4)
and Srg[Lng2A|21N28]:EU2+ (x = 2) were obtained as finely crystalline, powdery products with
orange body color and red luminescence upon irradiation with blue to green light.
B-Sro[MgAlsN,]Eu®" was obtained as side phase (<40 wt %) in some syntheses that yielded a

powdery gray product.

Powder X-ray Diffraction

Powder X-ray diffraction data were collected on a STOE Stadi P diffractometer with CuKa;
radiation (A=1.5406A) in parafocusing Debye-Scherrer geometry with a Ge(111)
monochromator and a Mythen 1K detector. Samples were loaded into glass capillaries with
0.3 mm diameter and 0.01 mm wall thickness (Hilgenberg, Germany). The TOPAS-Academic
V4.1 software package, applying the fundamental parameters approach (direct convolution
of source emission profiles, axial instrument contributions, crystallite size, and microstrain

16-19 Absorption effects were corrected using the

effects), was used for Rietveld refinement.
calculated absorption coefficient. Preferred orientation was handled with the spherical
harmonics model of fourth/sixth order. Details on the structure investigation may be
obtained from the Cambridge Crystallographic Data Centre on quoting the depository no.

CCDC 1813230.

Electron Microscopy

A Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope (SEM), equipped with
an X-Max 80 SDD (Oxford Instruments) energy-dispersive X-ray (EDX) detector, was used for

electron microscope investigations.

EDX Spectroscopy

The chemical composition of the samples and individual crystallites was determined by EDX

spectroscopy at an acceleration voltage of 5 kV.

Luminescence

Luminescence measurements on powder samples in PTFE sample holders were conducted

on an in-house built system based on a 5.3 in. integrating sphere and a spectrofluorimeter
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equipped with a 150 W Xe lamp, two 500 mm Czerny-Turner monochromators, 1800 1/mm

lattices, and 250/500 nm lamps, with a spectral range from 230 to 820 nm.

Results and Discussion

Synthesis and Chemical Analysis

The above-mentioned synthesis vyielded access to the solid solution series
Srg[Li(z_o,SX)MgXAl(22_0.5X)N28]IEU2+ (O <x< 4) OL—Srz[MgAI5N7]:Eu2+ (X = 4) and
Srg[LiMg,Al1N,g]:Eu (x = 2) were obtained as finely crystalline powders with bright orange

body color and intense red luminescence upon irradiation with blue to green light.

Figure 4.1. SEM images of (a) Srs[LiMgAl1N,s]:Eu* and (b) Sro[MgAIsN;]:Eu®*.

Atomic ratios of Sr:Mg:Al:N of 2:1.1:4.4:7 (x = 4) and 8:2.1:18.8:25.6 (x = 2) were determined

by EDX measurements on several crystallites. These atomic ratios correspond well with the
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sum formulas (2:1:5:7, x=4; 4:1:10.5:14, x = 2). The typical morphology of crystals of the
solid-solution series is shown in Figure 4.1. Measured nitrogen concentrations are lower
than expected due to surface hydrolyzation of the materials and the surface sensitivity of

EDX spectroscopy especially at the low acceleration voltages used.

Crystal Structure

o-Sry[MgAIsN,] (and Srg[LiMg,Al,1N,g]) crystallizes isotypically with Sr4[LiAl;1N14] in the
orthorhombic space group Pnnm (no.58) with unit-cell parameters a=10.5489(2)
(10.44519(16)), b=10.4824(2) (10.51822(16)), c=3.27276(1)A (3.25706(9)A) and
V=361.894(3) A*> (357.831(3) A®). For Rietveld refinement, the structural model of
Sry[LiAl;1N14] reported by Wilhelm et al. from single-crystal X-ray diffraction data was
modified and used.' Due to its low content of <1 mol% and the therefore negligible
additional scattering power compared to Sr, Eu was disregarded during the refinement.
Crystallographic data from the Rietveld refinements are given in Table 4.1. Similar to
Sry[LiAl11N14], the Al1/Mgl site in a-Sr,[MgAIsN-] is statistically occupied by APt and Mg2+ in
an atomic ratio of 0.58:0.42.

Due to the observed elongated AI-N distances of the Al3 site, a statistical occupation with
Mg was assumed, with an atomic ratio from Rietveld refinement of 0.92:0.08. Naturally, Mg
and Al cannot be reliably distinguished by X-ray diffraction due to their virtually identical
number of electrons. In this case, the results from XRD data were accepted because of their
conformity with the atomic ratios from EDX measurements. Both relative occupancies were
refined constrained due to the demand for electroneutrality, resulting in a total Al:Mg ratio
of 5:1. A plot of the Rietveld refinement of a-Sr,[MgAIsN;]:Eu?** is shown in Figure 4.2. In
Srg[LngzAI21N28]:Eu2+, the atomic ratios on the mixed occupancy Al1l/Mgl/Lil site are
0.613:0.274:0.113 according to the XRD data. The refinement was restrained to allow only
electroneutral sum formulas, i.e.,, a total Al/Mg/Li ratio of 20.9:2.2:0.9. Like in
Srz[MgAlsNy]:Eu2+, a statistical disorder of the AI3/Mg3/Li3 site can be taken into
consideration for explaining the slightly elongated AI3—N distances observed. A plot of the

Rietveld refinement of Srg[LngzAllezg]:EU2+ is shown in Figure 4.3.
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Table 4.1. Crystallographic Data of the Rietveld Refinement of a-Sr,[MgAIsN,]:Eu** and
Srg[Lng2A|21N28]:Euz+

sum formula a-Sr,[MgAlsN] Srg[LiMg,Al,1Nys]
crystal system orthorhombic
space group Pnnm (no. 58)

lattice parameters

a/A 10.54878(6) 10.51818(5)
b/A 10.48253(6) 10.44513(5)
c/A 3.272752(15) 3.25704(1)
V/R® 361.894(3) 357.831(3)
formula units/cell 1
calculated density/gem™ 3.96905(14) 3.9834(10)
T/K 273
diffractometer STOE Stadi P
radiation CuKat; (A = 1.54056 A)
range/deg. 4.0<206<100.5
background function Chebychev polynomial (12 parameters)
R, = 0.0390 R, = 0.0409
R values Rwp = 0.0532 Rwp = 0.0547
Reragg = 0.0225 Rerage = 0.0245
goodness of fit 3.99 1.85

The crystal structure is homeotypic to the oxozincate K,ZngO; and consists of a three-
dimensional network of vertex- and edge-sharing distorted tetrahedra with two types of
channels in the [001] direction (see Figure 4.4).20 The AIN,4 tetrahedra form einer double
chains along [001].% Four of these chains are condensed to achter rings via common vertices
with the opposing chains pointing either inward or outward. Each inward facing einer double
chain of one achter ring is the outward facing einer double chain of the adjacent achter ring.
This kind of arrangement leads to empty vierer ring channels between the achter rings. The
achter rings are each subdivided into two fiinfer rings by two bridging vertex-sharing einer
single chains of AIN,4 tetrahedra with opposing directions of travel that share common edges

with the outward facing einer double chains.
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Figure 4.2. Rietveld fit of PXRD data of a-Sr,[MgAIsN,]:Eu** (CuKay, A = 1.54056 A). The side phases
AIN (8 wt %) and B-Sr,[MgAIsN,]:Eu®* (4 wt %) were identified.
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Figure 4.3. Rietveld fit of PXRD data of Srg[Lng2A|21N28]:EU2+ (CuKay, A = 1.54056 A). The side-phase
AIN (4 wt %) was identified.
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Figure 4.4. Crystal-structure representation of Srg[Li(z_O.SX,MgXAI(zz_O.SX)Nzg]:Eu2+. Alternating inward-
and outward-facing einer double chains colored blue and light blue, bridging einer single chains
colored purple, SrNg.1 polyhedra chains colored red. (a) View of a stack of three unit cells along
[001]. (b) Types of chains formed by (Al/Mg/Li)N, tetrahedra. (c) Coordination sphere of Sr and

SrNg(.1) polyhedra.

In total, the high degree of condensation k =0.857 promises a rigid network preferable for
use as Eu doped host lattice. A different description of the same network can be found in the
literature.**

The Sr** counterions are located within these fiinfer rings. They are coordinated cube-like by
eight N atoms, with one polyhedron face capped by a ninth N atom located at a 17%
increased distance. Since the distance to the ninth N atom is larger than to the nearest
Al/Mg atoms, it is not considered part of the anionic coordination sphere. The SrNg-
polyhedra share faces forming infinite strands in the [001] direction, with two of these
strands being linked via common edges. Bond lengths in Sry[MgAlsN;] and Srg[LiMg,Al,1Ns]

are in good agreement with other nitrido(litho)magnesoaluminates.
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Figure4.5. Comparison of the orthorhombic unit-cell parameters (a, b, ¢, V) of

Srg[Li(z_o,5x)MgXAI(zz_o,E,X)Nzg]:Euz+ with x = 0, 2, and 4. Values for x = 0 were taken from the literature.™

In Sr,[MgAIsN;] and Srg[LiMg,Al,1N»s], AI-N distances are 1.823(6)-1.939(3) A, values well
within the range given in the literature (e.g., Sr[LiAlsN4]: 1.87—-2.00 A;“ Cais.75Li10.5[AlagNss]:
1.8086(14)-1.9805(14) A).* Al/Mg(/Li)-N distances vary from 1.823(6) to 2.182(6) A
(2.125(4) A) corresponding with the average of Al-N, Mg-N, and Li—-N distances reported in
Sr;ALN, (1.86-1.96 A), CaMg,N, (2.13-2.30A), and Ca[LiAlsN4] (2.043(3)-2.278(7) A),
respectively.5’1°’22 Sr—N bond lengths (2.644(1)-2.970(5) A for the cube-like coordination) are
close to the reported values for SraLiAl;1N14] (2.617(1)-2.928(2) A) and other Sr-

nitridoaluminates.**

A comparison of the experimental unit-cell parameters of
Srg[Li(Z_O,SX)MgXAI(ZZ_O,g,X)NZg]:Eu2+ (x=0, 2, 4) is shown in Figure 4.5. The observed linear
dependence of all parameters on the Mg concentration is in good accordance with Vegard’s

rule for unlimited miscibility and strongly supports the denomination as solid solution series.

B-Sr,[MgAIsN,]:Eu?*

B-Sro[MgAlsN,]:Eu®* was obtained as side phase with <40 wt% during syntheses of
a—Srz[MgAlsNy]:Eu2+. It crystallizes in the monoclinic space group C2/m (no. 12) with unit-cell
parameters a=11.12874(11), b=3.27289(3), c=10.54530(11) A, 8=109.8939(7)°, and

V=361.173(7) A%, Crystallographic data from the Rietveld refinement is presented in
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Table 4.2; atomic coordinates, isotropic displacement parameters, and site occupancy

factors (SOF) are in Table 4.3.

Table 4.2. Crystallographic Data of the Rietveld Refinement of B-Sr,[MgAIsN,]:Eu®

sum formula
crystal system
space group

lattice parameters

B-Sry[MgAIsN;]
monoclinic

C2/m (no. 12)

a/A 11.12874(11)

b/A 3.27289(3)

c/A 10.54530(11)

B/° 109.8939(7)

v/A® 361.173(7)

formula units/cell 1

calculated density/gem™  3.97696(7)

T/K 273

diffractometer STOE Stadi P

radiation CuKay (A =1.54056 A)

range/deg. 4.0<206<100.5

background function Chebychev polynomial (18 parameters)
R, = 0.0508

R values Rwp = 0.0693

Rerage = 0.0249

goodness of fit 4.27

A plot of the Rietveld refinement is shown in Figure 4.6. Two of the three Al sites show
mixed occupancy with Mg, namely, the Al1(/Mg1) and Al2(/Mg2) sites. Each site was refined
to 25% Mg occupancy.
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Figure 4.6. Rietveld fit of PXRD data of a- and B-Sr,[MgAIsN,]:Eu*". B-Sro[MgAIlsN,]:Eu** was quantified
to =29 wt %, with side phase AIN (11 wt %) and traces of Cu.

Table 4.3. Atomic Coordinates, Isotropic Displacement Parameters, and Site Occupancy Factors

(SOF) of B-Sr,[MgAIsN,]:Eu**?

atom Wyckoff position X y z Ugo/A*>  SOF
Srl 4 0.6279(2) 1/2 0.69632(16) 0.0210(8) 1
All 4 0.6450(5) 0 0.4457(5) 0.026(2) 0.75
Mgl 4 0.6450(5) 0 0.4457(5) 0.026(2) 0.25
Al2 4 0.3520(5) 0 0.0165(5) 0.023(2) 0.75
Mg2 4 0.3520(5) 0 0.0165(5) 0.023(2) 0.25
Al3 4 0.8987(5) 0 0.8013(6) 0.023(2) 1
N1 4i 0.6909(13) 1/2 0.0819(12) 0.029(4) 1
N2 4i 0.3061(12) 1/2 0.6212(11) 0.024(4) 1
N3 4i 0.5062(11) 0 0.1815(12) 0.020(4) 1
N4 2d 1/2 0 1/2 0.025(6) 1

Standard deviations in parentheses.

Al/Mg—N bond lengths are in the range of 1.887(6)-2.129(16) A. AI-N bond lengths range
from 1.827(13) to 1.924(8) A. For a more detailed discussion of the bond lengths, please

refer to the structure description of a-Srz[MgAI5N7]:Eu2+. The crystal structures of a- and
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B-Sr2[MgAIsN;]:Eu®* exhibit similar building units in a slightly different arrangement. A

comparison of the crystal structures is presented in Figure 4.7.
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Figure 4.7. Comparison of the crystal structures of a- and B-Sr[MgAlsN,]:Eu*. (a) View of
a-Sr,[MgAIsN;]:Eu** along [001]. (b) View of B-Sr,[MgAlsN;]:Eu** along [010]. The layers formed by
the tetrahedra of the different Al(/Mg) sites are highlighted.

Both crystal structures exhibit similar channels in different crystallographical directions, i.e.,
[001] for a- and [010] for B—Srz[MgAI5N7]:Eu2+. The three-dimensional network of Al(/Mg)N,
tetrahedra is composed of two different layers. Layer 1 is formed by the alternating edge-
and vertex-sharing Al1/Mgi1N, tetrahedra resulting in the motif of bow-tie units connected

to each other by common vertices. Double strands of edge-sharing tetrahedra in
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(X-Sr'z[MgA|5N7]:Eu2+ are separated by one all-vertex-sharing tetrahedron but directly
condensed in B-Srz[MgAI5N7]:Eu2+. The edge-sharing Al2/Mg2N, tetrahedra form strands
that are bridged on both sides by AI3N,4 tetrahedra via common vertices constituting layer 2.
Layers 1 and 2 are linked via common vertices.

Similar to a-Srz[MgAI5N7]:Eu2+, the Sr** ions are coordinated cube-like by eight N atoms. One
polyhedron face is capped by a ninth N atom located at a larger distance than the nearest
Al(/Mg) atoms and is therefore not considered part of the anionic coordination sphere. The
SrNg polyhedra share common faces forming strands along [010]. Two of these strands are
linked by common vertices, respectively. For a more detailed discussion of bond lengths,

please refer to the structure description of a-Sro[MgAlsN]:Eu®*.

Luminescence

Eu-doped samples of the title compound (a-)Srg[Lij2-0.50MgxAl22-05N2s] exhibit red
luminescence upon irradiation with blue—green light. Photoluminescence investigations
were performed on bulk powder samples in PTFE sample holders. Excitation, emission, and
reflectance spectra of OL-Srz[MgAI_:,N7]:Eu2+ at different activator concentrations are shown in
Figure 4.8. The materials exhibit an excitation minimum at 380 nm and a broad absorption
band at lower energies peaking at =470 nm. Increasing dopant concentrations shift the
emission maximum toward lower energies (see Table 4.4). With reference to the excitation
spectra exhibiting strong absorption in the red spectral region and significant broadening
with increased dopant concentrations, the emission red shift is largely attributed to photon
reabsorption effects although resonance type energy transfer mechanisms cannot be
excluded.”® The exhibited narrowing of the emission bands with increasing activator
concentrations can also be attributed to reabsorption on the high-energy side of the
spectrum. In general, the smallest possible activator concentration with still sufficient
absorption is to be considered as optimal for Eu?* activated phosphors since saturation
under high drive conditions reduces the quantum efficiency.?*

By partially exchanging the network cations AI** and Mg®* with Li*, the emission maximum of
(OL—)Srg[Li(2_0,5)()Mg,(AI(zz_o__r,X)N28]:Eu2+ is also shifted toward lower energies (see Table 4.4). The
exchange of Mg?" for Li* results in slightly shorter Sr(Eu)-N bond lengths (2.644(1)-
2.970(5) A (without Li)/2.617(1)-2.928(2) A (without Mg)) indicating a higher crystal field

strength around the activator ion and consequently a red shift of the emission.
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Photoluminescence for PB-Sro[MgAlsN;:Eu** was not observed separately from

a-Sr,[MgAIsN;]:Eu?* since the B material could not be obtained phase pure.

—0.075% Eu A, = 633647 665nm
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Figure 4.8. Photoluminescence spectra of Sr,[MgAlsN,]:Eu®* with different activator concentrations.
(a) Excitation spectra (A.s = 620—660 nm). (b) Emission spectra (Ae =440 nm). Inset: Reflectance

spectra; gray line: undoped sample.

Effects of different activator concentrations on the Iluminescence properties of
Srg[Lng2A|21N28]:EU2+ are not presented here due to their qualitative similarity to
a-Sr,[MgAIsN;]:Eu** based on their identical crystal structure. Emission and reflectance
spectra are shown in Figure 4.9. Emission fwhm remain virtually unchanged by the different
Li contents.

Compared to other red emitting nitridometallates like Ca[LiAI3N4]:Eu2+ (Aem = 668 Nm,
fwhm = 1333 cm™, 60 nm),10 Sr[LiAlsNg]:Eu®" (Aem = 650 nm, fwhm = 1180 cm™, 50 nm),4 and
Sr[MgsSiN4:Eu®*  (Adem=615nm, fwhm=1170cm™, 43 nm),"® Sr,[MgAlsN;]:Eu®* and
Srg[Lng2A|21Nzg]ZEU2+ exhibit significantly broader emission bands, although the activator-
site coordination sphere is virtually identically cube-like. This line broadening may be
explained by structural details: In Ca[LiAlsN4]:Eu?*, Sr[LiAlsN4]:Eu®*, and Sr[MgsSiN4]:Eu®, the
network cations exclusively occupy element specific sites, whereas in Sr,[MgAlsN5]:Eu®" and
Srg[LngzAI21N28]:Eu2+, two network cation sites are occupied by Al and Mg with statistical

disorder. A similar broadening of the emission can be observed in M[MngI2N4]:Eu2+ (M=Ca,
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Sr; Aem(Ca) = 607 nm, fwhm = 1815 cm™%; Aem(Sr) = 612 nm, fwhm = 1823 cm™) where Mg and

Al also show statistical disorder and the activator site is coordinated cube-like as well.’

Table 4.4. Emission Maxima and Emission fwhm of Representatives of the Solid Solution Series

(a')srs[I-i(Z-O.Sx)ngAI(ZZ—O.Sx)NZS]:Eu2+

composition Aer/NM fwhm/cm™ (/nm)
x=4 0.075atom-% Eu*" 633 1940 (78)
x=4 0.3 atom-% Eu®* 647 1770 (78)
x=4 1atom-% Eu® 665 1736 (79)
x=2 0.075atom-% Eu”* 645 1964 (82)
x=0 0.4 atom-% Eu** 670 1880 (85)*

The larger fwhm here consequently are attributed to inhomogeneous line broadening due to
the varying crystal fields around each activator ion resulting from the statistical disorder on

one or more network cation positions.
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Figure 4.9. Photoluminescence spectra of  Sr[MgAIsN;J:Eu*,  Srg[LiMg,Al,1Nyg]:Eu®*, and

14

Sr[LiAl;1N,]:Eu®*. Data for Sr,[LiAl;;Ny.]:Eu** adapted from the literature.™ Inset: Reflectance

spectra.

The thermal behavior of the emission quantum efficiency of both (a-)SFZ[MgA|5N7]IEU2+ and
Srg[Lng2A|21Nzg]IEU2+ is shown in Figure 4.10. Compared to the emission intensity at room

temperature, both materials exhibit moderate thermal quenching. At 200 °C, QE,. drops to
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66% for x = 4 and 84% for x = 2. Postsynthetic heat treatment of samples with x = 2 at 250 °C

shows no significant impact on the thermal properties.
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Figure 4.10. Thermal behavior of the emission quantum efficiency of Srz[MgAI5N7]:Eu2+ and
Srg[Lng2A|21N28]:Eu2+ with a dopant concentration of 0.075% and a commercial red nitride phosphor
(CASN BR101, Mitsubishi Chemical) as reference. Inset: Thermal quenching of samples (x = 2) with

(red) or without (blue) postsynthetic annealing.

The more pronounced thermal quenching of the emission intensity of on—Srz[MgAI5N7]:Eu2+
compared to Srg[Lng2A|21Nzg]IEU2+ results from the smaller band gap of the more Mg
containing material. Therefore, the energetic separation of the lowest lying excited 5d state
of the activator and the host lattice conduction band is reduced, and nonradiative relaxation

through photoionization processes becomes more probable.

Conclusion

In this contribution, we report on novel nitridomagnesoaluminates with the general sum
formula Srg[Li(z_o,5x)MgXAI(zz_o,Sx)Nzg]:Eu2+ (x=2 and 4). Synthesis was carried out by a
heterogeneous high-pressure/high-temperature reaction in a hot isostatic press. The crystal
structures of isotypic OL-Srz[MgAISNy]:Eu2+ and Srg[LngzAI21N23]:Eu2+ were refined from
powder X-ray diffraction data based on a model adapted from Sra[LiAl11N1a]:Eu®".** The

crystal structure of B—Srz[MgAlsNy]:Eu2+ was solved and refined from powder X-ray
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diffraction data. All compounds possess highly condensed, rigid networks favorable for
efficient conversion. Eu**-doped samples show intense red luminescence upon irradiation
with blue—green light. The emission maximum is tunable over a wide range in the red
spectral region by adjusting the activator concentration and by substituting the network
cations AI** and Mg?* with Li*. Similar to extremely narrow emitting Sr[MgsSiN4]:Eu** and
Sr[LiAlsN,]J:Eu®*, the activator position of o- and B-Sr[MgAlsN;J:Eu®* and

“15 Here, the emission fwhm

Srg[LiMg,Al,1N5g]:Eu?" is coordinated cube-like by eight N atoms.
is at ~1850 + 100 cm ™ due to statistical disorder on some network-cation sites comparable
to (Ca/Sr)[Mg,Al,N,]:Eu?*.?

On the basis of the crystal structure providing a rigid host lattice and the intriguing
luminescence properties, materials of the mixed crystal series

Srg[Li(2_0_5,()Mg,(AI(22_0,_:,,()N28]:Eu2+ have the potential for application as red phosphors in

illumination grade white LEDs.
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Abstract

Narrow-band red-emitting luminescent CaBal[Li,AlgNg]:Eu** for potential application in
illumination-grade white-light-emitting diodes (WLEDs) was synthesized by reaction of the
metal hydrides and nitrides in molybdenum
crucibles in a hot isostatic press. Upon
irradiation with high-energy visible light
(444 nm), the material exhibits intense red
and infrared luminescence (emission

maxima, 636—639 nm, 790 nm; full width at

half-maximum  (fwhm), 1095-1266 cm™
(48-57 nm), =1450 cm™ (89 nm)). The red

emission from Eu occupying the Ba site is

nearly optimal for use in WLEDs combining
outstanding color rendition and excellent luminous efficacy and the most narrow-band Eu®*
emission observed to date. The infrared emission intensity from Eu occupying the Ca site can
be limited by reducing the activator concentration (here, 0.02-5atom % Eu).
CaBal[Li,AlgNg]:Eu®* crystallizes isotypically with RbNaLigSi,Os in the monoclinic space group
C2/m (no. 12) with unit cell parameters a = 16.0851(2), b = 6.467 38(4), c = 8.042 42(13) A,
6 =90.004(2)°, and Z=4. The material is obtained almost phase pure with <4 wt % AIN as

side phase. The crystal structure consists of a network of vertex- and edge-sharing AIN; and
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LiN4 tetrahedra with differently sized four-membered ring channels along [010] occupied by

either cubelike coordinated Ca or Ba atoms or left empty.

Introduction

On the road to decelerating global energy consumption, solid-state lighting (SSL) technology
is playing an important part. At an anticipated 86% market penetration within the United
States, SSL is expected to enable a 75% reduction in lighting-specific energy consumption
compared with a conventional lighting scenario, according to the US Department of Energy
(DOE).!

Crucial for achieving a high market penetration with white-light-emitting diodes (WLEDs) is
high consumer acceptance by a market-specific correlated color temperature (CCT), natural
color rendition (i.e., high color rendering index, CRI), and long service life as well as adequate
initial and operating costs. Initially, WLEDs comprised a blue-emitting primary LED and the
yellow-emitting luminescent material YAG:Ce. This combination allows for high luminous
efficacies, but its at most mediocre color rendition (CRI < 70) due to lack of emission in the
red spectral region limits applications. Development of efficient red-emitting phosphor
materials like Srl_XCaXAISiN3:Eu2+ (SCASN) first made high-CRI illumination-grade WLEDs
possible. While the use of SCASN closes the red gap, it simultaneously limits the device’s
luminous efficacy because of its relatively broad emission band (fwhm = 2100-2500 cm )2
The combination of high chromatic saturation in the red spectral region for excellent color
rendition and high luminous efficacy for highly efficient devices is only made possible by
narrow-band emission, resulting in little to, ideally, no IR spillover.”

Aside from the widely used SCASN, only few narrow-band red-emitting nitridic phosphor
materials have yet been identified and found their way to industrial application.s'7 Most
relevantly, that is the nitridolithoaluminate Sr[LiAlsN4]:Eu* (SLA). Prototype high-CRI WLEDs
equipped with the advantages of this phosphor’'s emission at A¢, =650 nm and
fwhm = 1180 cm™ exhibit luminous efficacies increased by 14% compared to commercially
available products.8 The discovery of extremely narrow-band red Eu®* emission in SLA—and
the related material Sr[MggsiN4]:Eu2+ With Aem = 615 nm and fwhm = 1170 cm™*—renewed
scientific interest in the compound class of nitridoaluminates.’ Prior to this decade, only few

10-12
d.

nitridoaluminates were known, and no optical properties have been reporte Likewise,
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Ca[LiAIN,]:Eu** exhibits no luminescence, but M[Mg,Al,N4](:Eu®) with M = Ca, Sr, Ba (Eu)
(MMA) and Ca[LiAlsNg):Eu** (CLA), both structurally closely related to SLA, show red
luminescence.*™ Other red-emitting nitridoaluminate materials include
Ca18,7_r,Li10,5[AI39N55]:Eu2+ with an unusual supertetrahedron-containing crystal structure,
Sra[LiAl;1N14]:Eu®",*® isotypic with Sro[MgAlsN;]:Eu®" and their solid solutions with tunable
emission  characteristics,"”” and  most recently the  oxonitridolithoaluminate
Sr[Li,Al,0,N,]:Eu** with Aem = 614 nm and roughly estimated fwhm = 1500 cm™* (>55 nm).*®
Although these optical properties allow for greatly increased luminous efficacy by virtually
eliminating IR spillover, the blue-shifted emission wavelength hampers excellent color
rendition because of a lack of deeper-red spectral components.

Luminous efficacies of high-CRI WLEDs could be further increased by 22% by using red
luminescent materials with fwhm =30 nm.'® One possible strategy for blue-shifting the
emission of SLA toward the desired emission wavelength is utilizing the heavier homologue
Ba instead of Sr to form isostructural Ba[LiAlsN4]:Eu** (BLA). In this case, the longer Eu—N
bond lengths would lead to a higher energetic emission. Unfortunately, the synthesis of BLA
has not been successful, yet. Alternatively, the alkaline earth (AE) element Sr in SLA could be
partially substituted by another AE metal in a total atomic ratio of 1:1, so that each of the
two heavy-atom sites are fully occupied by one element resulting in tailored emission
characteristics. Consequently, here we present the novel nitridolithoaluminate phosphor
CaBa[LizAIGNg]:Eu2+ and give insight into its preparation, crystal structure, and
photoluminescence properties. The potential for application in high-CRI WLEDs and its

impact on the understanding and conception of narrow-band red emission are discussed.

Experimental Section

Synthesis

All reagents and reaction products were handled in Ar atmosphere under exclusion of
oxygen and moisture in a glovebox (Unilab, MBraun, Garching, O, <1 ppm, H,0 <1 ppm).
Products of the composition CaBa[LizAIGNg]:Eu2+ (nominal Eu concentration: 0.02-5 mol %)
were obtained by reacting the starting materials CaH, (Materion, 99.5%), BaH, (Materion,
99.5%), LisN (Materion, 99.5%), AIN (H.C. Starck, grade B), and Eu,0s; (Neo, 99.99%) in

molybdenum crucibles in a hot isostatic press. The reagents were mixed in stoichiometric
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amounts by ball milling, filled into crucibles, and subsequently heated to 1050 °C for 5 h at a
N, pressure of 51.7 MPa. CaBa[LizAlsNg]:Eu2+ was obtained as a finely crystalline powder with
purple body color. The material exhibits intense red luminescence upon irradiation with

blue—green light.

Powder X-Ray Diffraction

Powder X-ray diffraction data were collected with a STOE Stadi P diffractometer with Mo Ka,
radiation (A = 0.70932 A) with a Ge(111) monochromator and a Mythen 1K (Dectris, Baden-
Dattwil, Switzerland) detector in parafocusing Debye—Scherrer geometry. Samples were
filled into glass capillaries (Hilgenberg, Malsfeld, Germany) with 0.3 mm diameter and
0.01 mm wall thickness. Rietveld refinement was conducted using the TOPAS-Academic V4.1
software package applying the fundamental parameters approach (direct convolution of
source emission profiles, axial instrument contributions, crystallite size, and microstrain
effects).?> % Absorption correction was done using the calculated absorption coefficient.
Preferred orientation of crystallites was handled with the spherical harmonics model of
fourth order. Details on the structure investigation may be obtained from the Cambridge

Crystallographic Data Centre on quoting the depository no. CCDC 1860700.

Electron Microscopy

A Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope (SEM), equipped with
an X-Max 80 SDD (Oxford Instruments) energy-dispersive X-ray (EDX) detector was used for

scanning electron investigations.

EDX Spectroscopy

The chemical composition of the samples and individual crystallites was determined by EDX

spectroscopy at an acceleration voltage of 5 kV.

Luminescence

Emission spectra were measured on powder samples in PTFE sample holders on an in-house
built system based on a 5.3 in. integrating sphere and a spectrofluorimeter equipped with a
150 W Xe lamp, two 500 mm Czerny-Turner monochromators, 1800 1/mm lattices and

2500/500 nm lamps with the spectral range 230—-820 nm. Excitation spectra were measured
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on powder samples using a blue primary LED (444 nm) without monochromators and an
AvaSpec-2048-TEC-USB2 (Avantes, spectral range 580-1100 nm) with fiber optics of the light

source and detector each mounted at a 45° angle with respect to the sample surface.

Results and Discussion

Synthesis and Chemical Analysis

The synthesis described above enabled access to the luminescent material
CaBa[Li,AlgNg]:Eu**. Samples were obtained as finely crystalline powders with purple body
color and intense red photoluminescence upon irradiation with blue—red light. SEM images
showing the typical crystal morphology and crystallite size are presented in Figure 5.1.
Atomic ratios of Ca:Ba:Al:N were determined to be 1:1:7:9 by EDX spectroscopy on multiple
crystallites. These values correspond well with the proposed sum formula, taking into

consideration the finely dispersed side phase AIN (CaBa[Li,AlgNg]-AIN).

o

Figure 5.1. SEM image of crystals of CaBa[Li,AlgNg]:Eu*". The crystal morphology is nearly spherical

with well-developed faces. The narrow crystallite size distribution peaks at approximately 5-10 pum.

Crystal Structure

CaBalLi,AlgNg] crystallizes isotypically with RbNaLigSi,Og in the monoclinic space group C2/m
(no. 12) with unit cell parameters a=16.0851(2), b=6.46738(4), c=28.04242(13)A,
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6 =90.004(2)°, Z=4, and V=836.64(2) A>. The crystal structure of the title compound

indicates pseudotetragonal symmetry with a halved unit cell volume, that is broken by the

arrangement of the light elements’ atom positions. A modified structural model of

RbNalLigSi,Og obtained from single-crystal X-ray diffraction data by Hofmann et al. was used

for Rietveld refinement.?* Only negligible contribution to the scattering power of the Ca and

Ba sites partially occupied by Eu is to be expected because of the low dopant concentration

of <1 mol %. Therefore, Eu was disregarded during the Rietveld refinement. Crystallographic

data from the Rietveld refinement are given in Table 5.1. Atomic coordinates, isotropic

displacement parameters, and site occupancy factors (SOFs) are presented in Table 5.2.

Table 5.1. Crystallographic Data of the Rietveld Refinement of CaBa[Li,AlgNg]:Eu**

sum formula

crystal system

space group

lattice parameters
a/A

b/A

c/A

8/°

v/ A3

formula units / cell
calculated density / g-cm™
T/K

diffractometer
radiation

range / °
background function

R values

goodness of fit

CaBalLi,AlgNs]
moniclinic

C2/m (no. 12)

16.0851(2)
6.46738(4)
8.04242(13)
90.004(2)
836.64(2)

4

3.694

293

STOE Stadi P

Mo Ka; (A =0.70932 A)
2.0<20<70.325

Chebychev polynomial (21 parameters)

R, = 0.0422
Rup = 0.0583
Reyp = 0.0174

Rerage = 0.0254
3.347

Like in RbNaLigSi,Og, where the different tetrahedrally coordinated network ions Si and Li

occupy separate crystallographic sites, an ordered distribution of Al and Li is observed in
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CaBa[Li>AlgNg]. A plot of the Rietveld refinement of CaBa[LizAIGNg]:Eu2+ is shown in
Figure 5.2. The material is obtained with a yield of 96 wt % and 4 wt % AIN side phase.

The crystal structure is closely related to that of UCr4C4,25 which can be considered as the
aristotype, and consequently is closely related to the crystal structure of Sr[LiAlsN4]:Eu** as
well.2 The unit cell of CaBa[Li,AlgNg] is a 2 x 2 x 1 supercell of the UCr,Cs unit cell, if only the
cell metrics are taken into consideration. It consists of a three-dimensional network of AIN4
and LiN4 tetrahedra connected by common vertices and edges with three different kinds of
vierer ring channels in the [010] direction. Liebau established the terms einer, zweier, dreier,
vierer. A vierer ring therefore is a four-membered ring of vertex-sharing tetrahedra. The
terms derive from the German numerals eins (1), zwei (2), drei (3), vier (4), etc. by adding

» 26

the suffix “er”.”> The crystal structure is illustrated in Figure 5.3. The AIN4 (and LiNg)

tetrahedra form gapless double chains along [010] by edge-sharing.

—— Observed
——— Calculated
Difference
| CaBa[Li,AIN J:Eu” (96%)
AIN (4%)

Relative Intensity / a.u.

i Iil HIIIIilAMIHﬂ"lﬁI"I“II"ﬂﬁ"Hll“ﬂ“ﬂlIIIIIIII“IIIIIIIII1

T b 1 s, 1 ¥ T b 1

10 20 30 40 50
201/°

Figure 5.2. Rietveld fit of PXRD data of CaBa[Li,AlgNs]:Eu*" (Mo Kay, A =0.70932 A). The side phase

AIN was quantified to 4 wt %.

Formally, these double chains can be described as two condensed einer single chains where
each tetrahedron of one chain shares two edges with two tetrahedra of the other chain.
Consequently, the vertically aligned faces of tetrahedra of both einer single chains adjacent

to the shared edge are coplanar, but the tetrahedra themselves oriented antiparallel.
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Table 5.2. Atomic Coordinates and Isotropic Displacement Parameters of CaBa[Li,AlgNg]:Eu*"

atom Wyckoff position X y z Ui/ A2
Bal 4i 0.7504(3) 0 0.5000(5) 0.0077(2)
Cal 4g 0 0.246(2) 0 0.0046(5)
All 4i 0.4334(8) 0 0.710(2) 0.003(4)
Al2 4i 0.1524(9) 0 0.875(2) 0.003(4)
Al3 4i 0.3472(9) 0 0.144(2) 0.003(4)
Al4 4i 0.5743(8) 1/2 0.296(2) 0.003(4)
Al5 8j 0.4220(2) 0.7502(3) 0.3631(9) 0.0065(9)
Lil 8j 0.1761(10 0.250(11) 0.188(3) 0.003(5)
N1 8] 0.4003(6) 0.261(6) 0.58504(12) 0.014(3)
N2 4i 0.4584(2) 1/2 0.2444(4)  0.003(8)
N3 4i 0.3727(3) 0 0.9026(3) 0.005(8)
N4 4i 0.0443(2) 1/2 0.7586(3)  0.003(8)
N5 8] 0.3100(6) 0.7624(5)  0.2352(10) 0.003(3)
N6 4i 0.3725(3) 1/2 0.9126(3) 0.003(9)

“Estimated standard deviations in parentheses

Accordingly, like in SLA, only 4-fold bound N™ atoms occur in the crystal structure. The
outward facing N atoms of the tetrahedra simultaneously are part of the common edge of
tetrahedra of the next double chains. Two different double chains can be distinguished: one
composed solely of AIN, tetrahedra and one composed of one einer single chain of AlN4
tetrahedra and one einer single chain of LiN4 tetrahedra. The AE counterions Ba’" and Ca*"
are located within the aforementioned channels along [010]. The largest-diameter channel is
occupied by Ba atoms coordinated cubelike by eight N atoms. One of the smaller-diameter
channels is occupied by Ca atoms coordinated cubelike by eight N atoms, while the third
channel remains empty. The AENg polyhedra themselves are displayed in Figure 5.4 with the
corresponding AE—N bond lengths and share common faces forming strands in the [010]

direction.
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Figure 5.3. Crystal structure of CaBa[Li,Al¢Ng]:Eu**. AIN, tetrahedra rendered blue, (AI/Li)N,

tetrahedra rendered turquoise. (a) View along [001], (b) view along [010].

The bond lengths of the AENg polyhedra as well as AIN4 and (Al/Li)N4 tetrahedra correspond
well with other known nitrido(litho)aluminates. Al-N bond lengths are in the range
1.755(13)-2.08(9) A and are therefore comparable to the bond length range given in the
literature (e.g., Sr[LiAlsN4], 1.87-2.00 A;® Caig7sLito.s[AlsgNss], 1.8086(14)-1.9805(14) A;? a-
Cas[ALN,], 1.822(2)-1.981(2) A).™* Observed Li-N distances are 1.94(6)-2.20(2) A, close to
reports in the literature (e.g., Ca[LiAlsN4], 1.9680(2)-2.2788(3) A;*> Ca[LiAIN,], 2.043(3)-
2.278(7) A)."® Cca-N bond lengths range from 2.616(8) to 2.74(1) A with reports for similar
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coordination geometries from 2.5202(3) to 2.9075(3) A in Ca[LiAlsN4]* and 2.763(3) A in
Ca[MngI2N4].l4

3.05(2)A

2.75(3)A

\'2;9_\9(2)A N I 2882)A

| /
Y

[/ ~ 2.68(2)A
©2.60(3)A

Figure 5.4. Coordination polyhedra of the AE atoms and bond lengths of the AE-N bonds in
CaBa[Li,AlgNg]:Eu™.

Upon direct comparison of the crystal structures of Sr[LiAl3N4]:Eu*" and CaBa[Li,AlgNg]:Eu®*,
the close similarities quickly become apparent: Both crystal structures derive from the
UCr4C, structure type, with highly condensed tetrahedra networks (cation/anion ratio k = 1)
and vierer-ring channels partially occupied by cubelike coordinated heavy-atom sites. In both
structures two of these heavy-atom sites exist, which are both occupied by Srin SLA, while in
CaBa[Li,AlgNg]:Eu** one site is fully occupied with Ba and the other with Ca. Both structures
exhibit lower symmetry than the tetragonal UCr4C,4 crystal structure, due to ordering of the
network cations Li and Al that would not be possible with the single network cation site in
UCr4C4. The main distinguishing feature, other than the different counterions, is the differing

order of Al and Li in the respective compounds.

Luminescence

Upon doping with Eu, the title material shows intense red luminescence when irradiated
with blue—green light. Photoluminescence and excitation spectra at different activator
concentrations were investigated on bulk powder samples in PTFE sample holders and are
shown in Figure 5.5. The material features two emission maxima at 636-639 nm and
approximately 790 nm, respectively. The relative intensities of the two emission peaks
depend on the activator concentration with the IR emission gaining intensity with increasing
Eu content up to a saturation concentration at =0.4 mol% Eu. At very high Eu

concentrations, the IR emission peak intensity again decreases compared to the emission at
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637 nm. The two discrete emission bands are assigned to Eu?* occupying either the Ba
(Aem =637 nm) or the Ca site (Aem =790 nm) in the crystal structure. As a result of the
differing respective ionic radii, Eu preferably occupies Ba sites at very low concentrations
and more extensively occupies Ca sites only at higher concentrations. Consequently, the

relative infrared emission intensity initially increases with the activator concentration.

b)

~——0.8% Eu
5% Eu

——0.4% Eu
~——0.2% Eu
——0.1% Eu
~———0.05% Eu
——0.02% Eu

Relative Intensity / a.u.

T b T v. L} 1 T ¥ T
400 500 600 700 800 900
Alnm
Figure 5.5. Photoluminescence spectra of CaBal[Li,Al¢Ng]:Eu** at different activator concentrations.

(a) Excitation spectra (Aops = 635-950 nm). (b) Emission spectra (Aey = 444 nm).

The The assignment of A, = 637 Nnm to emission of Eu?* from a Ba site is corroborated by the
emission band resolved excitation spectra shown in Figure 5.6. Here, the lowest-lying
absorption band with a maximum at 541 nm, indicating the shortest Eu—N contacts, that is
Eu? occupying the Ca site, is clearly associated with the deep-red/infrared emission
centered at 790 nm. The absorption band centered at 470 nm vice versa corresponds to
emission from Eu occupying the Ba site. The observed stagnation and eventual decrease of
the infrared emission relative to the red emission intensity at high activator concentrations
may be due to relaxation mechanisms competing with photoemission, like resonant energy
transfer between activator centers at high activator concentrations. Because of the shorter
Ca—Ca contacts in this crystal structure compared to Ba—Ba contacts, concentration
guenching is expected to being more pronounced for emission from the Ca site than from
the Ba site. Compared to the emission of Eu®’ occupying the Ca site in CaBa[LizAIf;Ng]:Eu2+ the

emission of Ca[LiAI_o,N4]:Eu2+ with Aer, = 668 nm is strongly blue-shifted.”
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Figure 5.6. Photoluminescence spectra of CaBa[Li,AlgNg]:Eu** (0.1 mol % Eu). Green: emission
spectrum, A =444 nm; yellow, excitation spectrum, Ay, = 630—-670 nm; red, excitation spectrum,

Aobs = 740-840 nm; black, excitation spectrum, Aqps = 635-950 nm.

The different emission wavelengths for topologically identical materials and activator
positions can be explained by the significantly shorter average Ca(Eu)-N distances in
CaBal[Li,AlgNg]:Eu** (2.6714 A) than in Ca[LiAl3N4]:Eu®" (2.7263 A). Because of the weaker
crystal field splitting associated with longer activator—ligand contacts, the emission of
Ca[LiAlsNg]:Eu" is blue-shifted.

While the infrared emission band is already relatively narrow (fwhm = 1450 cm™Y) the
emission band at 636-639 nm exhibits an exceptionally small fwhm of 1095-1266 cm™?
depending on the activator concentration (see Table 5.3). Emission fwhm of the emission
band centered at 637 nm is comparable to that of other narrow-band red-emitting materials
like Sr[LiAlsN4:Eu®*  (fwhm =1180cm™),®  Sr[MgsSiNs]:Eu®" (fwhm=1170cm™),°® or
Ca18_75Li10_5[AI39N55]:Eu2+ (fwhm = 1280 cm_l).27 In the first two just-mentioned materials, the
AE sites occupied by Eu are coordinated more or less distorted cubelike by N atoms, just like
in CaBa[LizAIGNg]:Eu2+. Additionally, the Al/Li(Mg/Si)N4 tetrahedra of the AE second sphere
coordination show no disorder and consequently cause only minor, if any, anisotropic line
broadening, resulting in the narrow emission observed here. The broadening of the emission
band with increasing activator content is accompanied by a marginal shift of the emission

toward longer wavelengths. This red-shift is due to increased reabsorption on the high
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energy side of the emission spectrum, which in turn simultaneously limits the increase of the
emission fwhm. The strong absorption in the red spectral region, as shown by the excitation
spectra in Figures 5.5 and 5.6, is largely on account of Eu occupying the Ca site. Red light
emitted by Eu occupying the Ba site therefore can easily be reabsorbed by Eu occupying the

Ca site and re-emitted as infrared light.

Table 5.3. Emission Maxima and fwhm of Red Emission of CaBa[LizAIe,Ng]:Eu2+ at Different Activator

Concentrations

Eu concentration / mol % Aem / NM fwhm /cm™ IQE
0.02 636 1095 12
0.05 637 1163 19
0.1 637 1207 18
0.2 638 1226 7
0.4 639 1266 4
0.8 639 - 2

Internal quantum efficiencies measured at an excitation wavelength of A¢ =440 nm are in
the range 2-19% at room temperature, depending on the activator concentration (see
Table 5.3). Temperature-dependent relative quantum efficiencies of the total emission and
resolved for emission from Eu®* occupying the Ba and Ca site are presented in Figure 5.7.
While the Ba-site emission is largely comparable to that of SLA with QE(500 K) = 95%,% the
Ca-site emission rapidly decreases with increasing temperatures. The total thermal behavior
composed of the extremely high thermal stability Ba-site emission and the strongly
guenching Ca-site emission lies in between the two extremes at QEre|t°ta'(500 K) = 58%. Thus,
the Ca-site emission is more susceptible not only to concentration quenching but also to

thermal quenching.

Low-temperature photoluminescence spectra shown in Figure 5.8 reveal that the mean

phonon energy (approximated by F(T)=F(0)\/coth( hw/2KT?® of the Ba site (= 40 cm™) is
significantly smaller than that of the Ca site (= 160 cm™), corresponding with weaker
electron—phonon coupling according to the broadening of the individual lines with increasing
temperatures.29 Additional information can be derived from the relative intensities of the

respective vibrational replicas, i.e., the additional peaks at higher respective wavelengths.
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Figure 5.7: Thermal behavior of the emission of CaBa[Li,Al¢Ng]:Eu*". The relative quantum efficiencies
of the total emission (black) as well as that of the emissions corresponding to the respective alkaline-

earth metal atom sites (red, Ba; orange, Ca) are given.

Relative Intensity / a.u.

6K

L Ll L 1
600 700 800
Alnm

Figure 5.8. Low-temperature photoluminescence spectrum of CaBa[Li,Al¢Ng]:Eu** at 6 K. Inset:

photoluminescence spectra at different temperatures from 50 to 300 K.

The zero-phonon line of emission from Eu occupying the Ba site seems to be the most

intense transition, with higher vibronic replica at at most half of the zero-phonon line

68



5. Narrow-Band Red Luminescence in Nitridolithoaluminate CaBa[LizAIGNg]:Eu2+

intensity indicating a Huang—Rhys factor <1. Emission from Eu occupying the Ca site exhibits
higher transition intensities for higher vibrational replicas, indicating a Huang—Rhys factor
= 1.5-2.% These differences in Huang—Rhys factors are due to the stronger relaxation in the

4f°5d excited state of the Eu®" ion occupying the smaller Ca site.*

Conclusion

Here, we reported on the novel red-/infrared-emitting nitridolithoaluminate
CaBa[Li>AlgNg]:Eu®". The material was obtained by reacting the nitrides and hydrides in a
heterogeneous high-pressure/high-temperature reaction in a hot isostatic press. The crystal
structure was refined from powder X-ray diffraction data on the basis of the isotypic
compound RbNalLigSi;Og. Derived from the related compound Sr[LiAI3N4]:Eu2+ with
remarkable optical properties, its highly condensed and rigid network of LiNs; and AlN,4
tetrahedra and their well-ordered arrangement combined with channels occupied by the
alkaline earth counterions in cubelike coordination provide optimum conditions for efficient
conversion and narrow-band emission.

Red luminescence upon doping with Eu and irradiation with blue—green light is observed
with two distinct emission maxima at A=638 nm and A =790 nm, corresponding with
emission from Eu occupying the Ba and Ca site, respectively. The ratio of red/infrared
emission is tunable by adjusting the dopant concentration in the range 0.02-5%. Very small
Eu contents effectively suppress the infrared emission. The remaining emission from the Ba
site with a minimum fwhm of 1095 cm™ is the most narrow-band red emission of any known
Eu**-activated phosphor material to date.

On the basis of the rigid network structure and the material’s outstanding luminescence
properties, CaBa|[Li,AlgNg]:Eu** could play a key role in the development of nearly optimal
narrow-band phosphors, e.g., by substituting Ca by Mg and thus constraining Eu®" to
occupying solely the Ba site for eliminating IR emission, and their application in illumination-

grade WLEDs.
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6. Conclusion and Outlook

Phosphors for lighting in general and pc-LEDs in particular have come a long way. Since the
development of a highly-efficient blue LED and the initial use of a single yellow phosphor (e.g
YAG:Ce), illumination-grade solid-state lighting evolved to multi-phosphor devices for
excellent color rendition. The development of red-emitting materials received special
attention because of the significant impact of the red component on the luminous efficacy
and color rendering index of a white LED. Naturally, Eu?* doped materials are well suited as
phosphors due to the parity allowed and therefore intense f~d transition. While the energy
of this transition is too high to produce red emission in an oxidic environment, the
nephelauxetic effect resulting from a nitridic environment can effectively reduce emission
energy to the red spectral region. Several red-emitting Eu2+—doped nitride materials have
found their way to industrial application over the last decade, namely SCASN
(SreCa1-AISiN3:Eu?*), BSSNE (Ba,Sr1-xSisNg:Eu®*) and most recently SLA (Sr[LiAlsN4]:Eu®).*™
Nitridoaluminates like SLA as a material class had not received much attention in neither
academic research communities nor in the phosphors industry prior to our group
intensifying investigation efforts less than ten years ago.”™ As a consequence, several novel
nitridoaluminates and nitridoaluminate phosphors were discovered and their physical
properties probed.g'10 Other research groups contributed various additional
nitridoaluminate materials to our knowledge base over the course of this work.**™*

Major challenges in the synthesis of novel nitridoaluminates are not only the limited range
of possible aluminum precursors and the thermodynamic stability of binary AIN, but also the
tendency of again and again obtaining the same few phases that just a short while ago had
been both most elusive and desirable simultaneously. Classical synthesis strategies like high-
temperature approaches or flux methods yielded predominantly the UCr4Cs-type and related

materials first described by Philipp Pust® 10

or reached their limitations with Mg-containing
materials due to the relatively high vapor pressure of Mg and MgsN,. One possible answer to
prevent the evaporation of magnesium species from the reaction mixture and circumvent
the formation of already known phases, was the introduction of the reaction parameter gas

pressure to the equation. Consequently, the acquisition of a hot isostatic press was pursued.
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Hot isostatic presses originate from ceramics production, where they are mainly used for
sintering closed porous ceramic green bodies. In our application the high obtainable N,-
pressures are favorable for both preventing reagent evaporation and for additional reactivity
of thermally activated nitrogen.

The so realizable heterogenous high-temperature/high-pressure reaction yielded access to
four previously unknown nitridoaluminates and phosphor materials, Ca20_,(Li8+2,([AI39N55]:Eu2+
(x=0-2), (a-)SrslLlir-05xMguAlyy-05xNogl:EU**  (x=0-4) and  B-Sr[MgAlsN;]  and
CaBal[Li,AlgNg]:Eu** by reacting the respective metal nitrides and/or metal hydrides in
molybdenum crucibles at around 1000-1500 °C. These materials respresent a significant
advance in the research of narrow-band red emitting phosphors for solid-state lighting.

Pure nitridoaluminate Ca18,75Li10__:,[AI39N_=,5]:Eu2+ and other representatives of the solid
solution series CaZO_XLig+2x[AI39N55]:EU2+ (x=0-2) combine intense narrow-band red
luminescence with a very unusual crystal structure. Crystallizing homeotypically with the
oxomanganate NaysMnsqOss in the cubic space group Fd3m (no. 227) with a = 22.415(3) AY
two interpenetrating diamond-type networks of vertex-sharing Ts supertetrahedra—each
consisting of 35 individual AIN4 tetrahedra and representing sections of a sphalerite-type
cubic AIN network—ultimately form a hierarchical variant of the NaTl structure type with a
degree of condensation k = 0.71." The stuctural motif of supertetrahedra is quite rare in
nitride chemistry and prior to Ca18,75Li10,_:,[AI39N_:,5]:Eu2+ was observed only twice in Li,SiN; and
Li10P4N10.17_18 More recently nitridophosphates Li;3P4N1oX3 (X = Cl, Br) and Lis7B3P12Na4,, also
exhibiting supertetrahedra, were reported on.”>®

Emission maxima Amax = 640648 nm (fwhm = 56-61 nm; =1280 cm™) depending on the
compositional variable x show internal quantum efficiencies from 9-24% at a nominal Eu®'
dopant concencentration of 0.5% and pronounced thermal quenching of emission. While in
most other narrow-band red emitting materials the alkaline earth counterions, and
consequently the activator ions occupying these atom sites as well, are coordinated cube
like, the Ca atoms are coordinated distorted trigonal antriprismatically and trigonal
prismatically in Ca13_75Li10,5[AI39N55]:Eu2+. Despite this coordination geometry not being as
clearly associated with narrow-band emission as cube-like coordination, the material's rigid

structure with no disorder in the anionic network still provides a suitable environment for

small fwhms.?*
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Representatives of the  narrow-band red emitting  solid-solution  series
Srg[Li2_0_5Xl\/IgXAI22_0_5XN28]:Eu2+ (x=1(0), 2, 4) crystallize homeotypically with the oxozincate
K2ZngO; in the orthorhombic space group Pnnm (no.58) with unit cell parameters
a =10.4291(7)/10.51818(5)/10.54878(6), b =10.4309(7)/10.44513(5)/10.48253(6),
¢ =3.2349(2)/3.25704(1)/3.27275(2) A and V = 351.9(2)/357.831(3)/361.894(3) A3 (x = 0/2/4)
and were first reported as nitridolithoaluminate with x=0 and the sum formula
Sra[LiAl11N1a]:Eu®*.**?* Depending on the Eu content of Sry[MgAIsN;J:Eu®* (x=4), the
emission maximum can be shifted from Ay, = 633 nm (0.075% Eu) to Aey = 665 nm (1% Eu)

with a correspondingly decreasing fwhm from 1940-1736 cm "

due to increasing
reabsorption on the high-energy side of the spectrum. The incorporation of Mg®" as network
cation in addition to Li* and AP** leads to a significantly blue-shifted emission with
Aem =633 nm for x =4 and A, = 645 nm for x = 2, compared to Aem, = 670 nm for x = 0. Here,
the relatively broad emission is caused by statistical disorder on some of the network-cation
sites like in (Ca/Sr)[Mg,Al,N4]:Eu?*.?

A B-polymorph of a-Sr,[MgAIsN;]:Eu** was obtained as side phase with up to 40 wt %. It
crystallizes in the monoclinic space group C2/m (no.12) with unit cell parameters
a=11.12874(11), b =3.27289(3), c=10.54530(11) A, 6 =109.8939(7)° and
V=361.173(7) A%. Its crystal structure exhibits similar building units as the a poylmorph in a
slightly different arrangement. In both compounds the anionic network is highly condensed
with k =0.857, promising the necessary rigidity for efficient light conversion. The alkaline-
earth counterions are coordinated cube-like by eight N atoms—with a ninth N atom capping
one polyhedron face at a significantly longer AE-N distance—forming strands in either the
[001] direction for the a polymorph or the [010] direction for the B polymorph. Of the B-
Sr,[MgAIsN-] no luminescence properties could be determined, due to the material being a
side-phase to the always present a—Srz[MgAI5N7].23

CaBa[LizAlﬁNg]:Eu2+ is the material closest to optimum narrow-band red phosphors for solid
state lighting. Obtainable by a heterogenous high-temperature/high pressure reaction at
1050 °C and 51.7 MPa N, pressure, the compound crystallizes isotypically with RbNaLigSi,Og
in the monoclinic space group €2/m (no. 12) with unit cell parameters a = 16.0851(2) A,
b =6.46738(4) A, c =8.04242(13) A, 8 =90.004(2) ° and V = 836.64(2) A3, exhibiting a 2x2x1
supercell of the UCr4C,4 unit cell regarding only the metrics and is therefore related to MMA,

CLA and SLA with an identically high degree of condensation k= 1.%4 CaBa[LizAIf;Ng]:Eu2+
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shows intense red luminescence when irradiated with blue—green light and altogether
extremely favorable luminescence properties. Its main emission at Aen, = 636—639 nm is close
to the optimal postition at Aem =630 nm. With its extremely narrow emission with
fwhm = 1095-1266 cm ™

CBLA is the most narrowly red emitting Eu?* luminescent material known today. Like in SLA,
the network cations Li and Al show ordering, and consequently only minor anisotropic line
broadening of the emission occurs. The two heavy atom sites are coordinated cube-like and
are occupied by Ca and Ba, respectively, resulting in two distinct emission maxima after
doping with Eu?* Apart from emission in the far deep-red/near infrared spectral region at
Aem =790 nm, that can effectively be suppressed by reducing the activator concentration,
CBLA would be the optimal red-emitting component for pcLEDs. The two observed emission
bands can be attributed to the two different crystallographic alkaline-earth atom sites, with
the red emission band corresponding to Eu occupying the Ba site and the infrared emission
to Eu occupying the Ca site. Thermal behavior of the red emission is on par with SLA at
QE,e/(500 K) = 95 %. Low-temperature photoluminescence spectra allow for approximation
of Huang-Rhys factors and mean phonon energies for both the Ba and Ca sites respectively.
A much lower Huang-Rhys factor <1 for Eu on the Ba site than =1.5-2 for Eu on the Ca site
and significantly weaker electron-phonon coupling on the Ba site are revealed.

Excellent thermal properties of especially the Ba-site emission coupled with the low phonon
energies and consequently low electron-phonon coupling make CaBal[Li,AlgNg]:Eu*" a strong

contender for the development of nearly optimal narrow-band red phosphors.25

Final Remarks

The here presented luminescent materials clearly show the importance of providing suitable
reaction parameters for nitridoaluminate chemistry. Synthesis of these compounds was
made possible by the HIP that was put into service in May 2017. Physical properties of the
respecitve materials exhibit a clear correlation between the degree of condensation and the
thermal behavior of the luminescence. From Ca20_,(Lig+2x[Alg,9N_:,_:,]:Eu2+ (x=0-2) to
Srg[Lir-0.5xMgxAlr2-0.5xN2gl:EU" (x=(0), 2, 4) to CaBalLi,AlgNg]:Eu** the degree of

condensation of the tetrahedron network increases from x=0.71 to k=0.857 to k=1.
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Relative quantum effieciencies at 500 K likewise increase from >5% to 55—75% to >95% for
the respective materials.

Further investigations on these materials could include substitution of either counterions of
network cations for better performance. In analogy to Srg[Liz_o,SXMgXAIZZ_O,SXNzg]:Eu2+ (x=1(0),
2, 4), where a higher Li content is associated with higher relative quantum efficiencies due to
the then larger band gap, Ca could be substituted by Sr in Ca20_,(Li8+2,([AI39N_r,_r,]:Eu2+ (x=0-2)
for the same effect. In that case, a larger band gap would lead to an increased energetic
separation between the excited electronic state of Eu** within the band gap and the
conduction band. The consequently reduced tendency towards photoionization of the
excited electron into the conduction band and subsequent nonradiative relaxation would
effectively increase conversion efficiency of the material.

A similar approach for CaBa|[Li,AlgNs]:Eu**, where substitution of Ca by Mg could reduce the
size of the second heavy atom site, possibly results in Eu?* not occupying that site altogether
due to size restraints. The resulting hypothetical material "MgBa[LizAleNg]:Eu2+" therefore
could exhibit only the desired emission band from Eu?* occupying the Ba site at A = 636—
639 nm. Such a material, should it be accessible, would indeed be close to the optimum

narrow-band red phosphor the solid state lighting industry is looking for.
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7.Summary

Central objective of research behind this dissertation was the discovery of novel narrow-
band red emitting phosphors for potential application in solid-state lighting devices. Of
special interest in this context was the materials class of nitridoaluminates, representatives
of which had previously shown highly promising properties. In the line of this work, three

further novel nitridoaluminate phosphors were discovered and thoroughly investigated.

Ca13,75Li10,5[AI39N55]:Eu2+—Supertetrahedron Phosphor for Solid-
State Lighting

Peter Wagatha, Philipp Pust, Volker Weiler, Angela S. Wochnik, Peter J. Schmidt,
Christina Scheu and Wolfgang Schnick
Chem. Mater. 2016, 28, 1220-1226

Representatives of the solid solution series

Ca(20_X)Li(3+2x)[A|39N55]:EU2+ are presented in }'f" A
. . . I ’V’V&L\ . A ’ ‘kk ,
this research article. The title compound's )V’v’v WA o6 SR p VIV M)

VYAV v 8 AN, a6 & B T SRV
characterization regarding its chemical HVN‘K&Q \; "N‘KKRKK
A - i v

composition,  crystal  structure and A
A ‘\ A A
morphology as well as its physical - aa, ” O
. . . . A“\V\\v“\ullk N
properties is reported on. Materials with R ”’kll A

the  compositions  CaoLig[AlsgNss]:Eu®*
(x = 0), Caig 75Lit05Al3gNss]:Eu* (x = 1.25) and Caislira[AlsgNss]:Eu* (x = 2) were obtained by a
novel heterogenous high-temperature/high-presssure reaction in a hot isostatic press. Here,
the metal hydrides and nitrides with EuFs; as dopant in the respective stoichiometric
amounts were reacted for 5 hours at a temperature of 1250 °C and a nitrogen pressure of
51.7 MPa. The compound crystallizes homeotypically with the oxomanganate Na,sMnz9Oss
in the cubic space group Fd3m (no. 227) with a =22.415(3) A and V =11263(2) A3. Optical

luminescence properties of different representatives of the solid solution are correlated with
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7. Summary

motifs of the Ts supertetrahedra containing crystal structure and compared to other nitridic
phosphors. Ca(zo_X)Li(8+2X)[A|39N55]:EU2+ exhibits exceptional narrow-band red luminescence
(Amax = 640—648 nm; fwhm = 1280 cm'l) despite multiple activator sites and two distinct
excitation bands in the near UV and blue—green spectral region, respectively. Thermal
behavior of the emission exhibits slight improvements with increasing Li content of the
samples. In consequence, narrow-band red luminescence is shown not to being limited to
UCr4Cs-type phases, and Ca(zo_x)Li(8+,()[AI3.9N55]:Eu2+ could be a key material to comprehending

the principles of narrow-band Eu®" luminescence.

Tunable Red Luminescence in Nitridomagnesoaluminates
a-Sr[MgAIlsN;]:Eu®, B-Sr2[MgAIsN;]:Eu®*, and Srg[LiMg,Aly;Njg):Eu

Peter Wagatha, Volker Weiler, Peter J. Schmidt and Wolfgang Schnick
Chem. Mater. 2018, 30, 1755-1761

Solid-state lighting phosphors

Sra[Lif2-0.59MgxAl(22-0.5N2s]:EU** (X = 0-4) of
the class of nitrido(litho)-
magnesoaluminates crystallizing
homeotypic with oxozincate K;ZngO; in
orthorhombic space group Pnnm (no. 58)

with unit cell parameters a=10.4291(7)-

10.54878(6), b = 10.4309(7)-10.48253(6),

¢ =3.2349(2)-3.27275(2) A and
V=351.9(2)-361.894(3) were obtained by a newly established heterogenous high-
temperature/high-pressure reaction in a hot isostatic press. Starting from the metals,
hydrides and nitrides in the respective stoichiometric amounts with Eu,0; as dopant,
representatives of the title solid solution series a-Sr[MgAlsN;J:Eu®*, (x=4) and
Srg[Lng2A|21N28]ZEU2+ (x =2) were investigated. The narrow-band red luminescence of these
materials is tunable in the range of Anax=633-665nm and fwhm =1736-1964 cm™ by

adjusting the composition as well as the activator concentration. Partial disorder on the
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network cation sites impacts the band width of the emission compared to other narrow-
band red emitting nitridoaluminates or -silicates. Thermal behavior of the emission is
promising with only moderate thermal quenching that can additionally be influenced by
adjusting the band gap of the material via the chemical composition. A second polytype
B-Srz[MgAI_r,Ny]:Eu2+ crystallizing in monoclinic space group C2/m (no.12) with unit cell
parameters a=11.12874(11), b=3.27289(3), c=10.54530(11)A, 8=109.8939(7)° and
V =361.173(7) A’was observed for x = 4 with a phase fraction of =40 wt % and its crystal
structure solved and refined from powder X-ray diffraction data. Luminescence of the
B-phase was either not observed, or is identical to the a-phase. Similar to ultra-narrow
emitting Sr[LiAI3N4]:Eu2+ the title compounds' activator position is coordinated cube-like,
with the emission fwhm here broadened due to statistical disorder on some network cation
sites comparable to (Ca/Sr)[Mg,ALN4JEU?". It's overall luminescence properties make the
solid-solution series Srg[Li(2_0_5x)MgXAI(zz_o_SX)Nzg]:EU2+ (x = 0-4) a highly promising material for

application in illumination grade white LEDs.

Narrow-Band Red Luminescence in Nitridolithoaluminate
CaBal[Li,AlgNg]:Eu**

Peter Wagatha, Volker Weiler, Peter J. Schmidt and Wolfgang Schnick
Chem. Mater. 2018, 30, 7885-7891

Tunable narrow-band red  emitting
CaBa[LizAleNg]ZEU2+ was synthesized by
reaction of the metal hydrides and nitrides
in a hot isostatic press via a heterogenous
high-temperature/high-pressure  reaction.

The compound crystallizes in the monoclinic

space group C2/m (no.12) with unit cell

parameters a=16.0851(2) A,
b = 6.46738(4) A, c=8.04242(13) A,
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8 = 90.004(2) ° and V = 836.64(2) A% and exhibits intense luminescence upon irradiation with
blue light. Two emission maxima at Ayna(1) = 637 nm and Anax(2) = 790 nm can be observed
and assigned to emission of Eu®* occupying the cube-like coordinated Ba- and Ca-sites,
respectively. Both emission bands are extremely narrow with fwhm(1) = 1095-1266 cm™t
being the narrowest red Eu** emission observed to date and fwhm(2) =1450 cm™. The red
emission from Eu occupying the Ba site is nearly optimal for use in WLEDs combining
outstanding color rendition, excellent luminous efficacy and extraordinary thermal stability.
Its thermal quenching behavior with QE (500 K) = 95 % rivals that of Sr[LiAI3N4]:Eu2+ The
infrared emission intensity from Eu occupying the Ca site can be limited by reducing the
activator concentration. Low-temperature luminescence spectra reveal a significantly
smaller mean phonon energy on the Ba site, correlated with weaker electron-phonon
coupling. Huang-Rhys factors <1 for the Ba site and =1.5-2 for the Ca site indicate at strong
relaxation of the Eu®' 4f65d excited state on the smaller Ca site. On the basis of the rigid
network structure of LiNs and AIN,4 tetrahedra and the material’s outstanding luminescence
properties, CaBa|[Li>AlgNg]:Eu®" could play a key role in the development of nearly optimal

narrow-band phosphors.
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8. Appendix

Supporting Information for Ca18_75Li10_5[AI39N55]:Eu2+—
Supertetrahedron Phosphor for Solid-State Lighting

Table S8.1: Atomic Coordinates and Isotropic Dispalcement Parameters of Cayg 7sLiio s[AlsgNss]®

atom
Cal
Ca2
Ca3
All
Al2
Al3
Al4
Al5
Al6
N1
N2
N3
N4
N5
N6
N7
Li1
Li2

Wyckoff
96h
48f
16d
8b
96g
32e
48f
96g
32e
16¢
32e
8a
96g
96g
96g
96g
96g
192i

X

0.101327(18)
0.20520(3)
0

1/8
0.02747(2)
0.32399(4)
0.06975(5)
0.07175(4)
0.29658(3)
1/4
0.07637(10)
3/8
0.02257(10)
0.02342(7)
0.27561(7)
0.11970(10)
0.3152(6)
0.3226(13)

y
0.398673(18)

3/8

1/2

5/8
0.52747(2)
0.42601(4)
3/8
0.27368(2)
0.29658(3)
1/4
0.57637(10)
3/8
0.42525(7)
0.22658(7)
0.47439(7)
0.32479(7)
1/4
0.2322(14)

z

0
-1/8

0

1/8
0.12590(4)
-0.07399(4)
-1/8
-0.02368(2)
-0.04658(3)
0
0.17363(10)
-1/8
-0.07475(7)
-0.07569(10)
-0.12321(10)
-0.07479(7)
0.0652(6)
0.0438(11)

Ueq | B
0.01111(14)
0.01019(16)
0.0140(7)
0.0070(5)
0.00701(17)
0.0071(3)
0.0075(2)
0.00713(18)
0.0071(3)
0.0088(11)
0.0068(7)
0.0091(15)
0.0082(4)
0.0078(4)
0.0084(4)
0.0084(4)
0.026(6)
0.026(6)

0.44(3)
0.218(13)

% e.s.d.s in parentheses
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Table $8.2: Anisotropic Displacement Parameters (A%) of Cayg 75Liz0 5[AlsgNss]?

atom U11 u22 u33 u12 u13 u23
Cal 0.01160(18) 0.01160(18) 0.0101(3) ~0.00062(13) —0.00062(13) —0.0019(2)
Ca2  0.0065(3) 0.0120(2) 0.0120(2) 0.0037(3) 0 0

Ca3  0.0140(7) 0.0140(7) 0.0140(7) 0.0003(8) 0.0003(8) 0.0003(8)
Al 0.0070(5) 0.0070(5) 0.0070(5) 0 0 0

A2 0.0072(2) 0.0072(2) 0.0067(4) 0.0000(2) 0.0000(2) 0.0001(3)
A3  0.0071(3) 0.0071(3) 0.0071(3) ~0.0001(3)  0.0001(3) 0.0001(3)
Al4  0.0075(5) 0.0075(3) 0.0075(3) ~0.0004(4) 0 0

A5 0.0075(4) 0.0070(2) 0.0070(2) ~0.0004(3)  0.0001(2) ~0.0001(2)
A6 0.0071(3) 0.0071(3) 0.0071(3) 0.0002(3) 0.0002(3) ~0.0002(3)
N1  0.0088(11)  0.0088(11)  0.0088(11)  0.0026(11)  0.0026(11)  —0.0026(11)
N2  0.0068(7) 0.0068(7) 0.0068(7) 0.0002(8) 0.0002(8) ~0.0002(8)
N3  0.0091(15)  0.0091(15)  0.0091(15) O 0 0

N4  0.0090(11)  0.0078(6) 0.0078(6) 0.0010(8) ~0.0002(6)  —0.0002(6)
N5  0.0079(6) 0.0079(6) 0.0076(10)  —0.0001(6)  0.0001(6) ~0.0001(8)
N6  0.0090(7) 0.0090(7) 0.0072(11)  —0.0004(6)  0.0004(6) 0.0017(8)
N7  0.0085(10)  0.0085(6) 0.0085(6) 0.0024(8) 0.0003(6) ~0.0003(6)
Lil  0.019(6) 0.042(15) 0.019(6) 0.000(7) ~0.008(8) 0.000(7)
L2  0.019(6) 0.042(15) 0.019(6) 0.000(7) ~0.008(8) 0.000(7)

% e.s.d.s in parentheses
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Table $8.3: Selected Bond Lengths (A) in Cayg7sLiio.s[AlsgNss]®

bond name bond length / A
Cal-N7 2.3923(6)
Cal-N4 2.5057(18)
Ca2-N7 2.491(2)
Ca2-N6 2.7305(7)
Ca3-N4 2.423(2)
Al1-N2 1.888(4)
Al2-N4 1.9226(15)
AlI2-N5 1.944(2)
Al3-N6 1.889(2)
AI3-N3 1.9805(14)
Al4-N4 1.912(2)
Al4-N7 1.946(2)
AI5-N5 1.9098(15)
AI5-N7 1.944(2)
AlI6-N1 1.8086(14)
Al6-N6 1.917(2)
Li1-N6 2.526(4)
Lil-N7 2.233(10)
Li2—N1 1.94(3)
Li2—N6 2.20(3)
Li2—N7 1.95(3)
Cal-Lil 2.646(19)
Cal-Li2 2.93(3)
Cal-Al5 2.9277(7)
Ca2-Al3 3.1152(8)
Ca3-Al2 2.9535(9)
Al5-Lil 2.751(8)
AI5-Li2 2.42(3)
Al6-Li2 2.55(3)

8. Appendix

% e.s.d.s in parentheses
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Table S8.4: Crystallographic Data of the Rietveld Refinement of Cag 7sLi1g5[AlsgNss]?

Formula

crystal system

space group

lattice parameters / A
cell volume / A3
formula units / unit
cell

density / g-cm ™!

linear absorption
coefficient / mm™*
radiation

monochromator
diffractometer
detector
program used
profile function

background function

Rwp
Rp
2

X

Cag 7sLiso.s[Al3gNss]®
cubic

Fd3m (no. 227)
a=22.3611(2)
11180(1)

8

3.147
40

Cu-K,

(A =1.540596 nm)
Ge(111)

Huber G670
imaging plate
TOPAS academic
fundamental
parameters
shifted Chebyshev (30
parameters)
3.390

2.375

1.641

? e.s.d.s in parentheses
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