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Abstract

Calcium scandate (CaSc,0,) substituted with small amounts (<1%) of Ce*" is a recently discovered
bright green-emitting phosphor with favorable light absorption and emission properties and robust
temperature stability that make it well-suited for solid-state white-lighting applications. Combined
analyses of scattering, solid-state nuclear magnetic resonance (NMR), electron spin resonance
(ESR), and photoluminescence measurements establish the compositional and structural origins of
the macroscopic optical properties of this phosphor material. Simultaneous refinements of
synchrotron X-ray and neutron diffraction data of Ce**-doped CaSc,O, enable the average crystal
structure to be determined, which is shown to correspond to an exceedingly rigid host structure, as
corroborated by density functional theory (DFT) calculations. Such structural rigidity leads to high
quantum efficiency, which is optimized by the substitution of as little as 0.5 mol% of Ce** for Ca*
ions, with higher extents of Ce*" substitution leading to decreased photoluminescent quantum
yields (PLQY). Solid-state *Ca and *Sc magic-angle spinning (MAS) NMR spectra are sensitive to
the effects of the paramagnetic Ce*" dopant ions on nearby atoms in the host structure and yield
evidence for local structural distortions. ESR measurements provide direct insights on structures of
the Ce*" ions, as a function of Ce*" substitution. The combined scattering and spectroscopic
analyses yield detailed new understanding of the local and long-range structures of Ce**-doped
CaSc,0,, which account for the sensitive composition-dependent optical properties of this

important phosphor material.



INTRODUCTION

The advantages of solid-state lighting (SSL) over conventional light sources include mercury-
free materials, physically robust devices, long lifetimes, and high efficiencies."”” SSL devices
generally yield white light from a blue or near-UV light-emitting diode (LED) by using an inorganic
phosphor, such as Ce*"-doped Y;ALO,, (yttrium-aluminum-garnet, YAG) or calcium scandate
(CaSc,0,), to partially down-convert blue or UV LED emission to longer wavelengths; the
combined emission appears as white light. Several design and performance criteria govern selection
of phosphor materials for SSL applications. Ideal materials have high quantum efficiencies, good
chemical stabilities, as well as excitation and emission bands that are compatible with
commercially available LEDs.? High efficiencies, even at elevated temperatures (=500 K), make
them suitable for high-power lighting devices.* Currently, the most widely investigated compound
that meets these design criteria for white-light phosphors is cerium-substituted YAG, (YAG:Ce*").
Although progress has been made in the development of this and other oxide phosphors for SSL,
phosphors with outstanding optical properties are still sought, and the atomic-level origins of their
properties remain poorly understood.” To complement the general criteria for high performance
described above, additional design rules are sought that will enable the identification of new
candidate phosphors with improved photoluminescence properties.

The pursuit of thermally stable phosphors with high quantum yields has recently focused on
materials with dense polyhedral bonding networks.® Structures with dense packing of polyhedral
units tend to have rigid bonding networks that prevent non-radiative relaxation from excited states
(e.g., via vibrational relaxation). One phosphor that fulfills the design criteria for high efficiency is
Ce**-substituted CaSc,O,, the preparation of which has been reported by using a variety of
methods, including laser-heated pedestal growth,”® combustion synthesis,? or conventional high-

temperature methods.” This host material (CaSc,0,) has also been made luminescent by doping



with Eu*," Er**,> Ho*,® Tm3*,** and by co-doping Ce?* with Tm3*/La3*/Tb**,> and Yb*".® It has also
been investigated for use as an up-conversion phosphor.”*° Based on X-ray scattering analyses,”
the host structure, CaSc,O,, depicted in Figure 1, contains distorted ScOs octahedra that form a
three-dimensional network of edge- or corner-sharing polyhedra. Moreover, the high charge-to-
radius ratio of the 8-coordinated Ca* site provides additional rigidity to the structure that should
further improve the photoluminescent quantum yield (PLQY) of the compound.® Substituting Ce3*
cations into the Ca*" site results in bright green luminescence,” because the ionic radius of Ca*
(112 A; 8-coordinate) is smaller than that of Ce3* (1.143 A; 8-coordinate).” Such substitution also
requires charge compensation, which may be provided by interstitial oxygen or fluorine atoms
(sometimes halide salts are used as fluxes in phosphor syntheses), or Sc/Ca vacancies.** The
substitution of larger Ce*" luminescent cations into the smaller Ca** site forces considerable crystal
field splitting that leads to the observed green emission. CaSc,0,:Ce’*" is efficiently excited across a
wide range of wavelengths from 400 nm to 475 nm and emits broadly from 475 nm to 625 nm,
making it suitable as a green component in SSL devices. Furthermore, CaSc,0,:Ce*" has been
shown to retain high photoluminescence intensity even at elevated temperatures, with only a 25%
decrease in emission intensity at 453 K compared to room temperature,” and a quantum yield
measured to be over 80% at room temperature for the materials studied here. The scattering
analyses and average structures of different Ca, ,Ce,Sc,O, phosphor materials alone, however,
provide few insights on the origins of their interesting photoluminescence properties, so other

techniques are required.



Figure 1. Schematic diagram of the crystal structure of the phosphor Ca, Ce,Sc,0,, with the
cations labeled. The small orange spheres represent oxygen atoms, and the large gold sphere
corresponds to a Ce*" ion substituted into a Ca*” site.

Here, we present a comprehensive study of structure-property relationships for the new solid-
state phosphor, CaSc,0,:Ce**. The absolute PLQY of the green-emitting CaSc,0,:Ce*" phosphor
was determined for very dilute Ce** substitutions ranging from 0.5% to 1.5%. A careful analysis of
the average crystal structure, as well as the local structures near the luminescent Ce*>" centers, was
conducted and correlated with the macroscopic optical properties of the material. The average
crystal structure of CaSc,0,:Ce*” was characterized by using synchrotron X-ray and neutron
scattering techniques and found to correspond to a structurally robust lattice, as estimated by the
Debye temperature and consistent with the high quantum yield of the phosphor. These results
were correlated with solid-state nuclear magnetic resonance (NMR) and electron spin resonance
(ESR) spectroscopy measurements to measure and understand how Ce>" cations affect the CaSc,O,
host structure. By focusing on the interplay between structural rigidity and changes in local

symmetry due to Ce*" substitution, we establish the atomic-scale origins of the superior



photoluminescent properties for a very dilute Ce*"-doped material with the optimized composition

Ca,.995C€0.0055¢,0,.

EXPERIMENTAL SECTION

Materials syntheses. Samples of Ca, ,Ce,Sc,0, (x = 0, 0.005, 0.0075, 0.01, 0.015) were prepared by
using high-temperature methods. The desired stoichiometric ratios of starting materials CaCO,
(Fisher Scientific, 299%), Sc,O; (Stanford Materials Corp., >99.99%), and CeO, (Cerac, 99.9%)
were ground in an agate mortar and pestle, placed in alumina crucibles, and fired at 1600 °C for 6 h
in an alumina tube furnace under o.2 L/min 5% H,/95% N, gas flow. Although the substitution of
trivalent Ce*" for divalent Ca*" is expected to lead to cation or anion defects to maintain charge
neutrality, because of the low nominal Ce*" contents, the influences on the bulk compositions of
the materials will be small; thus, the bulk compositions herein are considered to be Ca,_.Ce,Sc,O,.
After the starting materials had reacted, the products were ground with an agate mortar and pestle
into fine powders.

Optical characterization measurements. Photoluminescence spectra were obtained at room
temperature on a Horiba Fluoromax-4 spectrophotometer with a Quantum-® 150 mm
Spectralon™-coated integrating sphere attachment. The powdered sample was encapsulated in
silicone resin (GE Silicones, RTV615) and deposited on a silica substrate (Chemglass). The
excitation light was produced by a 150 W xenon arc lamp. Photoluminescent quantum yields
(PLQY) were determined following the method of de Mello, et al.*

Temperature-dependent photoluminescence. The temperature dependence of the PL
properties was studied on a home-made fluorimeter that consisted of a laser excitation source (457
nm) and Czerny-Turner monochromator (Acton SpectraPro-500) equipped with a charge-coupled
device (CCD) camera (Princeton Instruments PIXIS:400). Corrections for variations in spectral

response were determined by measuring the spectrum of the Ocean Optics calibration light source



(Ocean Optics LS-1) with near-black body emission spectrum and applied to the spectra collected.
PL measurements were conducted over the range 77 K to 375 K in a liquid-nitrogen cryostat (Janis
Research VPF-100) with a Lakeshore 321 temperature controller and using an Instec ST200E heating

stage over the range 303 K to 375 K.

Synchrotron X-ray and neutron scattering. High-resolution synchrotron X-ray powder
diffraction data were collected on the 11-BM beamline at the Advanced Photon Source (APS) at
Argonne National Laboratory, using an average wavelength of A = 0.413531 A. Other details
regarding the experimental setup can be found elsewhere.* Neutron powder diffraction was
performed on the HIPD instrument at the Lujan Neutron Scattering Center at Los Alamos National
Laboratory. Powder samples were placed in vanadium cans, and time-of-flight neutron data were
collected at 295 K from 8 detector banks at 20 values of +14°, +40°, +9o0°, and *153°. Crystal
structures were refined by using the EXPGUI* front end for the refinement program General
Structure Analysis System (GSAS).”® Simultaneous refinements to the X-ray and neutron scattering
data were completed by adjusting the profile shapes and unit cells during LeBail fits, refining
neutron absorption coefficients, instrument parameters, and the backgrounds (10-term shifted-
Chebyshev polynomial function), then refining the atomic positions, and finally the atomic
displacement parameters. During the final refinement cycle, all appropriate free parameters were

allowed to refine simultaneously. Crystal structures were visualized using the software VESTA.*®

Solid-state NMR spectroscopy. High-resolution solid-state ¥Ca and *Sc NMR spectroscopy was
used to investigate the local compositions and structural environments of calcium and scandium
atoms in the Ca, ,Ce,Sc,O, materials. Solid-state *Sc (nuclear spin I=7/2, 100% natural abundance)
NMR spectra were acquired on a Bruker Advance III 1 GHz spectrometer at 23.5 T, operating at a
®Sc Larmor frequency of 243 MHz, with a 1.3 mm HX probehead under conditions of magic-angle

spinning (MAS) at 6o kHz. One-dimensional (1D) ¥*Sc NMR spectra were acquired by direct



excitation of *Sc nuclei by using a one-pulse sequence with an excitation pulse of 44.6 kHz
radiofrequency (RF) field amplitude and 1.4 ps duration. Spin-lattice (T1) relaxation times were
measured by using a saturation-recovery experiment comprised of a saturation sequence of 50
pulses separated by delays of 3 ms and a variable recovery delay taking 20 values from 10 ms to 60 s.
Quantitative 1D spectra were acquired using a one-pulse sequence with 64 scans and recycle delays
of 54.4 s (x = 0), 53.6 s (x = 0.005), 48.7 s (x = 0.010), and 43.5 s (x = 0.015). All ¥Sc shifts were
referenced to a 1 M aqueous solution of Sc(NO;);. Additional *Sc NMR spectra were acquired with
a higher repetition rate to filter **Sc signals based on their T1 relaxation times. For such spectra,
32768 transients were acquired with a recycle delay of 100 ms to enhance the signals from faster-
relaxing *Sc nuclei in close proximity to paramagnetic Ce** cations, which therefore exhibit shorter
T1 values. Two-dimensional (2D) ¥®*Sc MQMAS spectra®® were acquired by using a triple-quantum
(3Q) pulse sequence with a z-filter.* The 3Q excitation pulse and the pulse used to convert triple-
quantum coherence back to z-magnetization had RF field amplitudes of 141 kHz and were applied
for 1.5 us and o.5 ps, respectively. The final low-power 9o° pulse had a 44.6 kHz RF field amplitude
and a duration of 1.4 ps. The time increment in the indirect dimension was 50 ms, and 64
increments were acquired using the States-Haberkorn-Rubens method to obtain pure-phase line
shapes and frequency discrimination.?* 96 transients were acquired per t, increment. The data were
sheared in the time domain during processing.”® Spectra were acquired without active temperature
control for all materials, resulting in an estimated sample temperature of 360 K. To assess the
temperature-dependence of the paramagnetically displaced **Sc signals, a spectrum of one material
(x = 0.015) was acquired by using a variable temperature Bruker BCU-X cooling unit with a N, flow
of 1335 L/hr and a set-point of 243 K, resulting in an estimated sample temperature of 300 K under
the fast MAS (6o kHz) conditions used. Solid-state NMR spectra were modeled and the NMR

parameters were extracted by using the simulation program DMFIT.>*



Solid-state *Ca (nuclear spin I=7/2, 0.145% natural abundance) NMR spectra were acquired at
the U.S. National High Magnetic Field Laboratory in Tallahassee, Florida on a narrow-bore Magnex
19.6 T magnet with a Bruker console, operating at a ¥Ca Larmor frequency of 56.067 MHz. The
measurements were collected at room temperature under MAS conditions of 6 kHz using a
Samoson 7 mm HX triple-resonance MAS probehead with zirconia rotors and Kel-F™ caps. RF
pulses with a 1.5 us length were used with a recycle delay of 5 s, and 8000 transients were acquired.

All #Ca shifts were referenced to 1 M CaCl, (aq).

Electron Paramagnetic Resonance (EPR) spectroscopy. EPR spectra were collected on a Bruker
X-Band EPR spectrometer (v = 9.486 GHz) equipped with a helium flow cryostat. Samples were
placed in silica tubes, and spectra were acquired at 4 K and with 6309 mW microwave power.
Spectral simulations employed the EASYSPIN code implemented in MATLAB,® with a correction

included for field-dependent relaxation effects.

RESULTS AND DISCUSSION

The substitution of low concentrations of rare-earth cations, e.g., Ce**, into calcium scandate
(CaSc,0,) leads to materials with efficient photoluminescent properties. This arises, in part, due to
the larger atomic radius of Ce*’, compared to the smaller Ca** cation, leading to significant crystal
field splitting. The result is a shift of the absorption bands to longer wavelengths when
CaSc,0,:Ce’" is excited between >400 nm and 475 nm (maximum intensity at Am.x = 455 nm), as
manifested by a small Stokes shift of =60 nm and emission across the green-yellow region of the
visible spectrum (Amay = 515 nm), as shown in Figure 2a. The photoluminescence quantum yield in
the Ca,_,Ce,Sc,0, system can be optimized by varying the extent of Ce>" substitution over a narrow
and dilute range, e.g., x = 0 to 0.015, leading to a high quantum yield of 85% when 0.5% of Ce*" (x =
0.005) was substituted into calcium scandate (Figure 2b, spectra in Supporting Information, Figure

S2). Interestingly, the quantum yield decreased dramatically to 60% and 31% with substitution of



modestly higher loadings of 1% Ce*" and 1.5% Ce*", respectively. Such an abrupt decrease in the
PLQY with increasing Ce*" is likely to be due to either structural distortions arising from
incorporation of the larger Ce*" ions into smaller Ca** sites or the formation of anionic defects
stemming from charge imbalance; these both inhibit photoemission and are consistent with the
lower quantum vyields observed. The optical properties of these materials, furthermore, exhibit
high thermal stabilities, as manifested by temperature-dependent photoluminescence spectra and

analyses shown in Supporting Information, Figure S3.
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Figure 2. (a) Two-dimensional excitation and emission scans of Ca, 49sCeo,00s5¢,0, phosphor. The
most intense excitation and emission spectra are shown above and beside the plot, respectively. (b)
Plot of photoluminescence quantum yield (PLQY) measured at room temperature for Ae, = 445 nm
for Ca,,Ce,Sc,0, phosphors with different Ce contents x=0.005, 0.0075, 0.010, and 0.015. The

uncertainty bars represent distributions over multiple measurements.
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Average crystal structure and optical response of CaSc,0,:Ce*". As reported previously,” the
undoped CaSc,O, host material has an orthorhombic crystal structure (Figure 1, space group
Pnam) with one Ca** site, two Sc3* sites, and four O sites. The two Sc* ions are in the centers of
distorted octahedra with the Sc(1)Og units and Sc(2)Og units sharing edges. The substitution of
Ce*" into the CaSc,O, crystal structure occurs only at the Ca** site, due to size constraints. This
result has similarly been observed by extended X-ray absorption fine structure (EXAFS)
measurements for the analogous garnet system, Ca,Sc,Si;0,,:Ce>"3°

For calcium scandate containing low loadings of Ce** dopant ions (<2% substitution), the bulk
orthorhombic crystal structure and space group are retained. For example, Figure 3 shows
representative synchrotron X-ray and neutron scattering patterns for the material with the
composition Ca, g9sCe0.0055¢,0,, all reflections of which are indexable to the Pnam structure,
indicating a single-phase product. Rietveld refinements of these data support the previously
determined crystal structure” and provide general insights on the average structure and thermal-
mechanical properties of the Ca, ,Ce,Sc,0, phosphor materials. For example, the synchrotron X-
ray scattering analysis (Figure 3a) allows the variation of the average unit cell parameters to be
accurately determined, as functions of small amounts of substituent atoms, such as Ce*". For the
unsubstituted CaSc,O, material, the unit cell parameters and fit quality indicators associated with
Rietveld refinement of synchrotron X-ray data (Table 1) agree well with previous X-ray diffraction
studies of CaSc,0,.”373* The substitution of Ce>* induces a small (<1%) expansion of the unit cell
that is consistent with 8-coordinate Ce** being slightly larger than Ca** The unit cell parameters of
Ca,.Ce,Sc,0,, monitored as a function of Ce*" content over the range x = o to 0.01, suggest a
maximum for Ce*" substitution above x = 0.005, which could be due to a solid-solution limit, or

from charge imbalance between Ca*" and Ce**, which may lead to the formation of defects.
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Figure 3. Simultaneous Rietveld refinement of the (a) synchrotron X-ray scattering data and (b)
time-of-flight neutron scattering data acquired at 295 K for the phosphor Ca, ¢5Ce5 0055¢,0,. The
expected reflection positions are shown above the plots. The inset in (a) is a part of the crystal
structure, depicted with 99% probability thermal ellipsoids from the refinement. Note the
exceedingly small ellipsoids, which reflect the rigidity of the structure. The same sample was used
in Figures 2a, 5, and 7.

Table 1. Parameters from combined Rietveld refinements of Ca, ,Ce,Sc,0, of synchrotron
X-ray and neutron powder diffraction data.

X ) 0.005 0.01
Crystal System Orthorhombic
Space Group; Z Pnma; 4
Temperature 295 K
a(A) 9.46337(1)  9.463453(9) 9.463452(9)
b (A) na58(1) 1.a176(1) 11.11176(1)
c (A) 3141928(4) 3.142051(3)  3.142052(3)
V(A%) 330.3831(7) 330.4043(6) 330.4043(6)
X-ray R, (%) 10.5 8.7 8.6
neutron R,,, (%) 1.56 1.58 1.59
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Based on the scattering data available, however, it is not possible to determine the occupancies of
Ce*" ions within the phosphor structure, due to the low extents of substitution (<1.5%) and the lack
of long-range Ce*" order.

By comparison, the size of the atomic displacement parameters, to which neutron scattering is
particularly sensitive, have been recently shown to relate to the quantum efficiency of a phosphor.*
Rietveld co-refinements of the synchrotron X-ray scattering results (Figure 3a) with time-of-flight
neutron data in Figure 3b enable accurate refinements of atomic displacement parameters (ADPs)
of the CaSc,0, host. The refined atomic positions and ADPs for Ca, 495Ce0.0055¢,0,, shown in Table
2, indicate the ADPs have magnitudes similar to those found in the highly efficient phosphors like
YAG:Ce** * and La,SigN,,;:Ce*".* This suggests that the CaSc,0, host also provides an especially rigid
matrix that is consistent with the interconnected, edge-sharing ScOg polyhedra. From the ADPs, an
estimation of the Debye temperature (©p), which correlates to a material’s photoluminescent
quantum yield,6 can be calculated.*** For CaSc,0O,, ®p is estimated to be around goo K from the
neutron data. The surprisingly high ®p predicted here may arise from the correlation between the
strong neutron absorption of Sc** and the Rietveld refinements of the atomic displacement
parameters in the method, which can lead to an overestimation of the ADP values. On the other
hand, even the refined ADPs from X-ray diffraction, which is relatively insensitive to light atoms,
such as oxygen, still leads to high Debye temperatures ranging between 766 K and 790 K for this
system. As a result, it reasonable to estimate that ®p, for this phosphor host ranges between 700 K
and g9oo K, which is substantially higher than for other high efficiency phosphors, such as

YAG:Ce*** and La,SigN,;:Ce*"»
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Table 2. Atomic positions and atomic displacement factors (Uj,) refined from a combined
Rietveld refinement of synchrotron X-ray and neutron powder diffraction data for

a
Ca,.995C€6.00s5¢,0,.

Atom Occupancy X y Z Usiso X 100
Ca 0.995 0.75651(8) 0.65237(6) Y4 0.37(1)
Ce 0.005 0.75651(8) 0.65237(6) Y4 0.37(1)
Sc(1) 1 0.41954(4) 0.10734(3) Va 0.724(7)
Sc(2) 1 0.42962(3) 0.61213(3) Ya 0.425(6)
0@Q) 1 0.20759(6) 0.17154(5) Ya 0.20(1)
0(2) 1 0.12316(5) 0.47756(5) Ya 0.16(1)
0®3) 1 0.52058(7) 0.78409(5) Vi 0.20(1)
0O(4) 1 0.42058(7) 0.42464(5) A 0.12(1)

“ The occupancy ratio Ca**/Ce*" was held constant.

The high Debye temperature ®p of CaSc,O, is corroborated by density functional theory
(DFT), which provides a robust approximation based on the elastic constants (C;), as has been
previously shown.® Here, the elastic constants for the unsubstituted CaSc,O, are calculated by
using the Vienna ab initio simulation package (VASP)*** employing the Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE-GGA) to describe exchange and correlation.* The Debye
temperature from DFT is predicted to be 694 K, which is in agreement with the range of ®p
determined experimentally. The combination of experimental and computational results support

the rigidity of the calcium scandate host structure that leads to its high PLQY.°

Local structures near Ce*" dopants. The optical properties of rare-earth-substituted compounds
are strongly affected by their local coordination environments, which result in different crystal
field splittings.> However, because the substitution of the rare-earth ions occurs at such a low
loadings (often <3%), any local distortions that occur are challenging to observe by scattering
analyses of long-range order. By comparison, solid-state NMR is sensitive to local bonding
environments and is also element selective. For the case of Ca,_,Ce,Sc,O,, the effects of even dilute
quantities of Ce*" incorporated into the calcium scandate structure can be probed by using solid-

state ®Sc and *Ca NMR to detect displacements of signals and reduced spin-lattice relaxation
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times that are induced by nearby paramagnetic Ce*". Such effects have been previously used to
characterize local compositions and structures near paramagnetic species in pyrochlores,®
stannates,** garnets,* and lanthanide-binding proteins.*

Starting first with the undoped parent material, the two crystallographically distinct Sc(1) and
Sc(2) scandium sites in CaSc,O, are clearly distinguished in 2D “Sc NMR measurements
conducted at very high magnetic field (23.5 Tesla). Although the two signals overlap in a
conventional 1D ®Sc MAS spectrum (Supporting Information, Figure Si, consistent with similar
analyses*® conducted at lower field, 11.7 Tesla), they are well-resolved in the 2D z-filtered “Sc triple-
quantum (3Q) MAS NMR spectrum in Figure 4. This spectrum was acquired under very-high field
conditions (23.5 Tesla), which mitigate contributions from anisotropic second-order quadrupolar
interactions that are associated with the spin I = 7/2 ¥*Sc nuclei, yielding resolved signals from the
two distinct ®Sc sites. The 2D ®Sc MQ-MAS spectrum correlates anisotropic (MAS) and isotropic
spectra, from which the isotropic ¥*Sc chemical shift (di,), the quadrupolar coupling constant (Cq)
and the quadrupolar asymmetry parameter (1) were extracted for each of the two *Sc sites by fits
of each of the signals in their respective isotropic and anisotropic dimensions. These results (which
are summarized in Table 3) enable the assignments of the two signals to scandium sites Sc(1) and
Sc(2) and provide insights on the local coordination environments of the ¥*Sc atoms in CaSc,O,.
Specifically, site Sc(1) is assigned to the lower frequency *Sc signal with an isotropic chemical shift
of 154 ppm and Cq and 1 values of 8.8 MHz and o.50, respectively. The second **Sc signal with the
isotropic chemical shift of 157 ppm, a larger Cq of 14.3 MHz, and nq of 0.76, is assigned to Sc(2).
The larger Cq, value is consistent with the less symmetric local bonding environment of Sc(2), in
line with the scattering analyses (Figure 3 and Table 1). The minor deviation of the fitted lineshape
near the center (ca. 147 ppm) of the experimental spectrum for Sc(2) (slice ii) is associated with

uncertainty in the fitted value of nq and reflects well-known difficulties in obtaining precise values
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of this parameter. Nevertheless, the singularities at the edges of the lineshape, which are associated
with the value of Cq, are reproduced with a high degree of precision. These results are also
consistent with the larger bond-angle variance of 78° for site Sc(2), compared with 29° for Sc(1), as

determined by Rietveld refinement of the scattering data above.
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Figure 4. Solid-state *Sc z-filtered triple-quantum MAS spectrum of CaSc,0O, acquired at 23.5 T
under MAS conditions of 60 kHz and at approximately 360 K. Projections are shown along the
corresponding anisotropic and isotropic axes. Horizontal slices (i) and (ii) are extracted from the
isotropic dimension, as indicated by the orange dashed lines. Fits to the extracted spectra are
shown as red lines. The sample is the same as used in Figures 5 and 6.

Table 3. #Sc isotropic chemical shifts, quadrupolar coupling constants, and asymmetry
parameters for the two scandium sites in crystalline CaSc,0,.”

atom Siso (ppm) Co (MHz) no
Sc(1) 154 = 0.5 8.8+ 0. 0.50 + 0.1
Sc(2) 157 £ 0.5 14.3 £ 0.1 0.76 £ 0.15

“ Table values were determined from fits to slices in the isotropic dimension of
the ®Sc MQ-MAS spectrum in Figure 4.
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The incorporation of Ce*" ions into the calcium scandate structure influences the local
environments of nearby scandium sites, even for low extents of Ce** substitution. This is evident in
the solid-state 1D ®Sc MAS NMR spectra acquired at 360 K in Figure 5 for Ca,_.Ce,Sc,O, with Ce’**
substitutions for Ca** cations in the range of 0-1.5%. The *Sc MAS spectrum for the undoped
CaSc,0, (x = 0) material exhibits a complicated lineshape in Figure 5a(top), because it contains the
two overlapping central transition signals that were resolved in the 2D *Sc MQ-MAS spectrum, as
well as two signals due to the centerbands of the satellite-transitions spinning side-band manifolds
that are also associated with each of the two scandium sites. As small quantities of Ce*" are
incorporated into Ca,,Ce,Sc,0,, new weak *Sc signals appear at approximately 177 ppm and 205
ppm, both of which increase in intensity with the extent of Ce*" substitution and which are
assigned to scandium sites Sc(1) and Sc(2), respectively, based on their relative shifts. The *Sc
signal near 177 ppm appears to partially overlap with the satellite transition at ca. 174 ppm, the
latter’s intensity and position of which remain constant with Ce* substitution and temperature. It
is noteworthy that the positions of the signals at 177 and 205 ppm exhibit marked temperature
dependences and are further displaced to 180 and 208 ppm, respectively, at 300 K (blue trace in
Figure sb). The displacements of the signals to higher chemical shifts at lower temperatures are
consistent with the inverse temperature dependence of paramagnetic shifts associated with the
Fermi contact and spin-dipolar (pseudo-contact) interactions of the *Sc nuclei with the nearby
paramagnetic Ce** cations.*** In addition, the *Sc spin-lattice relaxation time (71) associated with
the non-displaced dominant signal at ca. 150 ppm decreases monotonically from 11 s to 8.7 s as the
Ce*" substitution for Ca** increases from 0% to 1.5%. This is consistent with induced paramagnetic
relaxation enhancement* of the #Sc polarization, due to long-range dipolar couplings to distant (>
1 nm) paramagnetic Ce*" cations. The widths of the non-displaced “Sc peaks also increase with

Ce*" substitution, reflecting (1) an increased concentration of local distortions in the lattice, (2) an
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increase in the anisotropic bulk magnetic susceptibility broadening,* and (3) the decrease in the
overall transverse relaxation time constant associated with the increased Ce*" content. More
importantly, the ¥*Sc T1 value associated with the weak resolved signal at 205 ppm was measured to
be approximately 140 ms, which is almost two orders of magnitude shorter than for the *Sc sites in
bulk undoped CaSc,O,. Although a reliable quantitative fit of the T1 of the peak at 177 ppm is more
difficult to obtain, due to the overlap with the satellite transition, we estimate an approximate value
of 200-300 ms. These substantially shorter T, values are consistent with paramagnetic-relaxation-
enhancement effects that arise from the short-range interactions of *Sc atoms with nearby

paramagnetic Ce*" ions that increase with dopant loading.

(a) X

0.015, 300 K

220 200 180 160 140 120 100 80

45
8[Sc] (ppm)
Figure 5. (a) Solid-state single-pulse *Sc MAS NMR spectra of Ca, ,Ce,Sc,O, with different Ce>"*
compositions (x) acquired at 23.5 T and 60 kHz MAS, recycle delay of 0.1 s, with and approximately
360 K. (b) The data are shown with a vertical expansion of the spectra by a factor of 100. Signals
from satellite transitions are marked by asterisks (see Supporting Information, Figure S1), and
paramagnetically displaced peaks are indicated with “+” symbols. The effect of temperature on the
paramagnetic displacement at 300 K magnitude is highlighted by dashed lines as a guide for the

eye. The samples are the same as used in Figures 2, 3, 4, 6, and 7.
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The incorporation of Ce** dopant ions into Ca,_,Ce,Sc,O, materials is also evident in the effects
on nearby unsubstituted Ca*" sites. As shown in Figure 6a, the 1D solid-state ¥Ca MAS NMR
spectrum of undoped CaSc,O, reveals a single relatively narrow signal at 62 ppm with a full-width
at half-maximum (fwhm) of 3 ppm. This indicates the presence of a single well-defined Ca*" site
which is consistent with the long-range crystalline order of the CaSc,O, parent material. For the
Ce*"-doped materials, an additional feature appears at approximately 70 ppm. The large
displacement of this new signal with respect to the main peak is a consequence of long-range spin-
dipolar interactions of the *Ca nuclei with nearby paramagnetic Ce*" dopant species, and its
broader linewidth (ca. 12 ppm fwhm) is consistent with a progressively weaker paramagnetic effect
sensed by ¥Ca®" cations in successive coordination spheres. Given the extremely long T1 of the
BCa® nuclei, both these signals were saturated during the NMR experiment, preventing

quantitative analysis of their relative intensities.

(a) CaSc,0,

120 100 80 60 40 20 0
43
8 ~Ca] (ppm)
Figure 6. Solid-state single-pulse ¥Ca MAS NMR spectra of Ca, ,Ce,Sc,0, phosphor materials with
different Ce** dopant compositions acquired at room temperature at 19.6 T, 7 kHz MAS, and with a

5 s recycle delay: (a) undoped CaSc,0,and (b) Ca, 4oCes.0Sc,0,. The samples are the same as used
in Figures 4 and 5.
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Ce’" local structure from EPR. Although NMR can indirectly provide details on local structural
features of atoms near the Ce® cations, electron paramagnetic resonance (EPR) spectroscopy
probes the paramagnetic Ce*" species directly. The splitting of the fundamental *F;;, electron
energy levels by the crystal field reduces the spin system to an effective S = 1/2 spin system with an
anisotropic g factor. EPR spectra are shown in Figure 7 for several otherwise identical Ce**-doped
calcium scandates (Ca,_,Ce,Sc,0,), except for their different extents of Ce>" substitution (x = 0.005,
0.01, 0.015). In each of the EPR spectra, the vast majority of the intensity (90%) is associated with
one type of Ce*" site with rhombic symmetry that yields three signal components at g, = 2.70 (2500
G), gy = 1.62 (4100 G), and g,, = 1.33 (5100 G). This range of g tensors is smaller than those reported
for YAG:Ce*, (g = 2.73 and g, = 0.908),* and reflects smaller crystal-field splittings in the
Ca,.Ce,Sc,0, materials. Interestingly, a second Ce’" site also appears to be present, corresponding
to three much weaker Ce*"signals at g,, = 2.38 (2800 G), g,, = 2.07 (3100 G), and g, = 1.40 (4100 G)
that account for 9% of the total signal intensity. This second Ce*" signal may arise from Ce*" ions in
or near distorted Ca*" sites, which would be consistent with the broad **Ca signal at ca. 70 ppm in
the ¥Ca MAS NMR spectrum of Figure 6b. Figure 7a shows a fit to the EPR spectrum acquired for

the material with the
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0.01

2000 3000 4000 5000 6000 7000

field strength (G)
Figure 7. (a) Powder EPR spectrum (black solid line) and accompanying fit (red dashed line) for

the phosphor composition Ca, 495Ce0.0055¢,0, (x = 0.005), with evidence of two distinct Ce>" sites:
site 1 (light blue) and site 2 (dark blue). (b) EPR spectra acquired at 4 K and 9.4 GHz of Ce*" in
Ca,_«Ce,Sc,0, for x = 0.005, 0.01, 0.015. The samples are the same as used in Figures 2, 3, 5, and 6.

composition  Cagge5Ce0.00s5¢,0,, corresponding to the phosphor with the superior
photoluminescence properties. The dashed red line in Figure 7a is a summation of weighted
contributions of the two individual fits shown and is in good agreement with the experimental
spectrum, indicating that most of the features in the spectrum are accounted for by the two types
of Ce’" sites in the doped calcium scandate structure. A small spectral feature remains near 4800 G.
Because the synchrotron X-ray powder diffraction data did not indicate the presence of significant
crystalline impurity phases, this may be from an additional distorted of Ce*" site or associated with
a minor amount of disordered or defect species. As the concentration of Ce** increases, this feature

near 4800 G becomes more prominent, as shown in Figure 7b; however, attempts to fit this signal

by including a third Ce®" site were unsuccessful. Nevertheless, as distortions occur with Ce**
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incorporation, the probability of non-radiative relaxation increases and can explain the rapid

decrease in quantum efficiency with increased Ce*" content.

CONCLUSIONS

Cerium-doped CaSc,O, has been shown to be a phosphor that possesses a rigid host crystal
structure, as manifested by its high Debye temperature (>700 K), based on scattering
measurements and DFT calculations. The high structural rigidity is correlated to the high
photoluminescent quantum yield of over 80% for Ca,g95Ce0.0055¢,0, (0.5% Ce3* substitution for
Ca™), as well as the temperature stability of the luminescence emission. Interestingly, the quantum
yield is very sensitive to the extent of cerium incorporation, dropping abruptly to 45%, as the Ce**
substitution approaches 1.5%. Variable-temperature solid-state *Sc NMR measurements establish
that the decrease in quantum yield is correlated with paramagnetic displacements of *Sc signals
that are associated with scandium sites Sc(1) and Sc(2) near very dilute paramagnetic Ce** dopant
ions in Ca,Ce,Sc,0,. Direct EPR measurements of the Ce’" ions reveal two types of Ce’" sites, one
relatively ordered site that accounts for approximately 9o% of the Ce*" ions in the in Ca,_,Ce,Sc,0,
materials, and the other corresponding to ~9% of more distorted Ce*" sites. The EPR spectra
indicate that this fraction of distorted Ce>" sites increases with Ce*" loading and correlates well with
the decrease in quantum efficiency for Ce*" substitutions above 0.5%. Overall, the combined
scattering, solid-state *Sc and ¥Ca NMR, EPR, and DFT analyses yield detailed new understanding
of the structure-property correlations that are associated with the technologically promising green-
emitting phosphor, Ca,q95C€0.0055¢,0,. The results provide insights and design criteria that are
expected to be useful for the discovery, optimization, and development of novel and efficient

phosphor materials for optoelectronics or solid-state lighting applications.
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