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ABSTRACT: In this work, we performed a systematic inves-
tigation of structure—composition—property relationships in Eu**-
activated S-SiAION, one of the most promising narrow-band green
phosphors for high-power light-emitting diodes and liquid crystal
display backlighting with wide color gamut. Using first-principles
calculations, we identified and confirmed various chemical rules for
Si—Al, O—N, and Eu activator ordering within the S-SiAION
structure. Through the construction of energetically favorable
models based on these chemical rules, we studied the effect of
oxygen content and Eu®" activator concentrations on the local
EuNy activator environment, and its impact on important
photoluminescence properties such as emission peak position

(using the band gap as a proxy), bandwidth, and thermal quenching resistance. Increasing oxygen content is shown to lead to an
increase in Eu—N bond lengths and distortion of the EuN, coordination polyhedron, modifying the crystal field environment of

the Eu®" activator, and resulting in red-shifting and broadening of

the emission. We also show that the calculated excited band

structure of B-SiAION exhibits a large gap between the Sd levels and the conduction band of the host, indicating a large barrier
toward thermal ionization (>0.5 eV) and, hence, excellent thermal quenching stability. Based on these insights, we discuss
potential strategies for further composition optimization of S-SIAION.

B INTRODUCTION

Phosphor-converted light-emitting diodes (pc-LEDs) have
emerged as leading candidates for next-generation lighting
applications due to their exceptional efficiency and environ-
mental friendliness compared to traditional lighting sources.
Among the candidates for green phosphors, f-SiIAION:Eu?" is
of particular interest due to its high quantum efficiency, narrow
emission bandwidth (full width at half-maximum, or fwhm, of
45—55 nm), and outstanding thermal quenching behavior (90%
at 150 °C), which makes it suitable for high-power LEDs as
well as liquid crystal display (LCD) backlights with wide color
gamut.' ™

B-SiAION is derived from f-Si;N, (Figure la) via the
substitution of Al and O for Si and N, respectively. Its chemical
formula can be formally written as Siz_,ALO,Ng_,, with z
typically ranging from O to 4.2."> The photoluminescence
(PL) properties of 5-SiAION can be tuned by modification of z
as well as the concentration of the Eu*" activator. Previous
experiments > have established that limits on Eu** doping (<2
mol%) and Al—O substitution concentration (z < 0.5) apply for
practical applications. Higher z (>1) will not only cause red-
shifting of the emission (545—550 nm) with broadened
bandwidth (>63 nm) but also result in impurity phase
formation and decrease of emission intensity." Hirosaki et al.’
have previously proposed that a composition of
Eug.00296510.41395810.0133400.0044No.5652s  (equivalent to

-4 ACS Publications  © 2016 American Chemical Society 8622

Sii40Al, sO; sNig:Eu** with 0.296 mol% FEu?, ie, z = 0.17)
yields an ideal green emission peak of 535 nm and a narrow
bandwidth of 55 nm.

Despite extensive studies, there remains significant ambiguity
about the precise structure of S-SiAION. It has been shown via
advanced scanning transmission electron microscopy (STEM)
that Eu** sits at the interstitial site in the large hexagonal
channels along the [0001] direction (Figure 1a) because of the
large size mismatch between Eu** and the Si** and AP’
cations.® More recently, Brgoch et al.” proposed that the Eu**
ion occupies a distorted 12-fold coordinated environment
within these hexagonal channels via extended X-ray adsorption
fine structure (EXAFS) measurements. Nevertheless, exper-
imental information about the detailed cation/anion ordering in
S-SiAION:Eu** remains lacking due to the almost indistinguish-
able scattering factors of the two substitution pairs, AI**/Si**
and O*7/N*7, and the low concentration of the Eu®" activator
(<2 mol%).”

In this work, we elucidate the structure—composition—
property relationships in S-SiAlON:Eu** using density func-
tional theory (DFT) calculations. Using a chemical rule-based
screening approach, we identified energetically favorable
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Figure 1. (a) Crystal structure of -Si;N,, in which there are two distinct nitrogen sites with Wyckoff symbols 2¢ and 6h. The solid line denotes a

unit cell. (b) Procedure to identify Al/O/Eu ordering rules in Siz_,ALO

structures for the 1xX1x2 (left) and 2Xx2X6 (right) supercells.

z-2y

Nj_.12,:yEu. The crystal structures shown are for the lowest energy

structures for S-SiAION:Eu®* at various z and Eu®* activator
concentrations. A systematic study was then carried out on the
effect of composition on important PL properties of f-
SiAION:Eu*', such as the emission peak position, bandwidth,
and thermal quenching behavior, using various first-principles
descriptors. We successfully predict the red-shifting and
broadening of emission with increasing oxygen content.
These effects are shown to be the result of a direct causal
relationship between composition and local Eu** activator
environment, and its corresponding effect on the Eu** crystal
field. These insights pave the way for not just further
composition optimization of S-SiAlON:Eu**, but potentially
other phosphors.

B METHODS

Density Functional Theory Calculations. All DFT calculations
were carried out using Vienna ab initio simulation package (VASP)
within the projected-augmented wave method,®” and all crystal
structure manipulations and data analysis were performed using
Python Materials Genomics (pymatgen) package.'’

For structure optimizations and energy evaluations, calculations
were carried out using the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA) functional'' with the
Hubbard U extension (PBE+U)'* to take into account the strongly
localized 4f electrons of Eu. An effective Hubbard U of 2.5 eV for the
Eu 4f orbitals was used, similar to that used by previous work on oxide
phosphors."* We have shown in our recent work that a similar U value
applies for nitride phosphors, and the electronic structure is not highly
sensitive to minor changes in U.'* The energy cutoff was 520 eV. An
energy convergence criterion of 5 X 107° eV and a k-point mesh of at
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least 15/A7! were used to compare the energies of different structure
orderings. The low-energy structures identified were subsequently
relaxed with more stringent energy and force convergence criteria of 1
X 107° eV and 0.01 eV/A, respectively. Density of states (DOS)
calculations were performed with a higher k-point mesh of at least 30/
A™". The ground state electronic band structure was calculated using
similar parameters, but with explicit specification of k-points along
high-symmetry directions."

The excited-state band structure of Eu**-activated S-SiAION was
calculated using constrained DFT where the occupancy of the topmost
Eu 4f state (at the valence band) was transferred to the lowest Sd state
(at the conduction band) and kept fixed during the calculations.'® In
these calculations, the crystal structures were first obtained from the
excited-state structural optimization under the same occupancy
distribution.

To obtain more accurate electronic band gaps, calculations were
also carried out usin% the screened hybrid Heyd—Scuseria—Ernzerhof
(HSE) functional.'®"” Due to the relatively high computational cost of
HSE calculations, the HSE host band gap was derived from the DOS
with a I'-centered 2X2X1 k-point mesh and Gaussian smearing of
0.025 eV.

B RESULTS

Structure Models. In the literature, the formula of f-
SiAION:Eu** is often reported as Siz_,Al,O,Ng_,:Eu’".
However, the introduction of the Eu?' activator must
necessarily be charge compensated. Given that typical
experimental levers to controlling synthesis involve manipu-
lation of the nitrogen partial pressure and temperature, we have
assumed that the introduction of Eu® is compensated by

DOI: 10.1021/acs.chemmater.6b03555
Chem. Mater. 2016, 28, 8622—8630


http://dx.doi.org/10.1021/acs.chemmater.6b03555

Chemistry of Materials

changes in the O/N anion ratio. Formally, we may write the
chemical formula as Sig_,Al,O,,;,N;_.,,,:yEu, with y defining the
Eu®" activator concentration and z tuning the Si/Al ratio, or
equivalently, the oxygen concentration. We will henceforth
denote the exact S-SiAION:Eu®* composition using the
abbreviation “SiAION-z-y” throughout this work.

Figure 1b outlines the procedure used to identify Al/O/Eu
ordering patterns in low-energy structures of -SiAION:Eu*" in
this work. In general, large supercells (>1X1X4) are necessary
to model the small Eu® activator concentrations in real
phosphors. It is not computationally tractable to directly
enumerate the possible orderings of Si—Al, O—N, and Eu
activator for such large cells. Instead, our approach is to first
identify “chemical rules” that govern the energetic preference of
various species in f-SiAlON:Eu®* based on previous exper-
imental diffraction data and theoretical calculations.'* ™' Here,
we confirmed and quantified the magnitude of these chemical
preferences using a relatively small 1X1x2 supercell (four
formula units) of $-Si;N, (ICSD-34023) where three Si and
one N were replaced with three Al and one O, respectively, and
a single Eu®" activator was introduced to maintain overall
charge neutrality.

The energies of 174 symmetrically distinct Si,Al;ON,s:Eu**
(SiAION-1.5-0.5) were calculated. We have classified the
structures into four categories based on the type of site O
occupies (2c or 6h in the $-SizN, parent structure) and whether
each O has at least one Al neighbor forming an Al-O bond.
From Figure 2a, we observe that the lowest energy structure
forming at least one Al-O bond is ~1 eV lower than those
without forming Al-O bond, indicating that there is a strong
energetic preference for the O atom to form at least one Al-O
bond. This is consistent with previous MAS NMR and
theoretical observations in S-SiAION.'*™*° Among these
structures, we find that the structure forming an AL;O cluster
(see left structure in Figure 1b) has a significantly lower energy
than other orderings (by at least 0.51 eV). Between structures
having Al-O bonds (Al-O/0O,, and Al-0/Og, in Figure 2a),
the energy of the most stable structure having O in the 2c site is
lower by 0.65 eV than the energy of the most stable structure
having O in the 6h site. Again, this observation is in line with
previous neutron diffraction observations.”' Based on these
findings, we may specify the following rules for achieving a low-
energy candidate structure for -SiAION:Eu*:

1. All O must be in 2c sites.
2. All O must have at least one Al neighbor.

Using the above two rules, a constrained enumeration of
different orderings of a 2X2X6 supercell (48 formula units,
SiAION-0.125-0.0417) was performed. The lowest energy
ordering identified is given as the crystal structure on the
right in Figure 1b. We may observe that the lowest energy
ordering no longer has an ALO cluster, suggesting that the
preference for an AL,O cluster in SipAl;ON 5:Eu** might be an
artifact due to the small cell size. Indeed, we find that different
Al orderings on the Si sublattice in the larger supercell have
small energetic differences (e.g., the energy difference is less
than 0.5 meV/atom for the five lowest energy structures; see
Figure S1 in the Supporting Information (SI)), subject to the
constraint that at least one Al is nearest neighbor to each O.
This observation suggests that Al in S-SiAlON:Eu®" may be
disordered at finite temperatures.

It has been well-established that the Eu®* activator sits in the
large hexagonal channels in the [0001] direction.”” However,
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Figure 2. (a) Relative total energies of 174 symmetrically distinct
structures of Si;Al;ON,s:Eu** (1X1X2 supercell), with the energy of
the lowest energy structure set as the zero reference. The structures
are divided into four categories according to whether they have at least
one Al—O bond, and whether the O is in the 2c or 6k site. (b) Plot of
the total energy as a function of Eu position (in fractional coordinates)
with respect to the O position along [0001] direction. A relative
fractional ¢ coordinate of zero indicates the Eu is in the same plane as
O. The energy of the most stable position is set as the zero energy
reference.

the position of the Eu** activator within those channels has not
been determined experimentally. Figure 2b shows the change in
relative energy of the unit cell with the relative position of the
Eu®" activator in the [0001] direction. We find that the
minimum energy position for the Eu®" activator is within the
same plane as the Al and O atoms. The result is that the Eu*"
ion is coordinated by nine nitrogens, forming a highly
symmetric EuN, polyhedron (see Figure S2). We have also
investigated other potential interstitial positions for the Eu®*
activator (e.g, in large hexagonal channels farther away from
the O atom), but these were found to be much less
energetically favorable (see Figure S3). In light of this finding,
we propose an additional chemical rule to achieve a low-energy
structure for -SiAION:Eu’*:

3. All AL, O, and Eu must be in the same (0001) plane.

These chemical rules significantly reduce the number of
possible candidate structures at each composition. For
subsequent investigations, we have computed the lowest energy
structures for Sig_,AL,O, » Ng_,.,,:yEu with various z and y using
these chemical rules. The compositions and relaxed lattice
parameters are summarized in Table 1, and the top views of
ordered lowest energy structure for some of the compositions
investigated are illustrated in Figure S4. Crystallographic
Information Files for the final relaxed structures are also
provided in the SI. The calculated lattice parameters are slightly
larger (<1%) than the reported experimental values a = 7.609
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Table 1. Compositions, Supercell Sizes, Corresponding Values of z and y, and Relaxed Lattice Parameters a and ¢ of

SiG-zAlzoz-ZyNS-z+2y:y Eua

composition supercell z y
SisN, 1x1x1 0 0
Sip;ALLON;,:Eu 1X1x4 075 025
SigyAl;ONyg:Eu 2X2x3 025 0.0833
Sig;ALON,,:Eu 2x2%4 0.1875 0.0625
Si;1,Al,ON  ¢5:Eu 2X2X5 0.15 0.05
Si;, ALON, 5,:Eu 2X2X6 0.125 0.0417
SigoAl 0N o0:Eun 2X2X6 0.167 0.0417
Si130Al 05N, go:Eut 2X2%6 0.208 0.0417
Si;3AION 2X2X6 0.0417 0
Si, AL O;N 0 2X2X6 0.125 0

abbreviation a (A) c (A)
SiAION-0-0 7.660 2.925
SiAION-0.75-0.25 7.749 2.938
SiAION-0.25-0.0833 7.695 2.930
SiAION-0.1875-0.0625 7.684 2931
SiAION-0.15-0.05 7.681 2.928
SiAION-0.125-0.0417 7.678 2.928
SiAION-0.167-0.0417 7.676 2.929
SiAION-0.208-0.0417 7.677 2.930
SiAION-0.0417-0 7.662 2.926
SiAION-0.125-0 7.664 2.929

“The lattice parameters are for the lowest energy ordering identified and normalized to the equivalent 1X1X1 hexagonal -Si;N, cell for comparison.
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Figure 3. Calculated (a) average bond length (1,,), (b) polyhedron volume (V), and (c) distortion index (D) of EuNy polyhedron in SiAION-z-y as a
function of z for constant z/y and constant y. Lines are drawn only to guide the eyes.

A and ¢ = 29115 A for z = 0.17 and Eu** of 0.296 mol%,” in
line with the well-known tendency for the PBE functional to
underbind.

Local Environment of Eu?*. The local environment of the
Eu’* activator can have a critical effect on the PL properties. We
have characterized the EuNy polyhedron local environment in
p-SiAION:Eu** using three parameters: the average bond
length [, the polyhedron volume V, and the distortion index D.
The distortion index is defined as

n

-1
2

m s av

(1)
where [, is the distance from the center atom to the ith
coordinating atom, I, is the average bond length, and # is the
total number of Eu—N bonds (n = 9 in this case). A larger D
implies a more distorted EuNy polyhedron environment.

Figure 3 shows the trends in I, V, and D for the various f-
SiAION:Eu** compositions in Table 1. We find that I, ranges
from 2.68 to 2.71 A, V ranges from 37.0 to 39.0 A3 and D
ranges from 0.0470 to 0.0500 in the compositions studied. Both
l, and V increase with increasing z, due to the larger AI-N
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(1.87 A) and Al-O (1.75 A) bond lengths compared to Si—N
(1.74 A)." At z = 0.75 in particular, the close proximity between
Eu*" leads to a significant volume expansion and a large I,, (see
Figure S4a). D slightly increases and then decreases with
increasing z at constant z/y. At constant y, D increases slightly
with increasing in z from 0.125 to 0.167, followed by a much
larger increase with further increase in z to 0.208. The reason is
that the lowest energy SiAION-0.125-0.0417 and SiAION-
0.167-0.0417 structures both have two Al neighboring the Eu®*
activator, while the lowest SiAION-0.208-0.0417 has three Al
neighboring the Eu®" activator, resulting in a much larger
distortion of the EuNy polyhedron.

Figure 4 shows the Eu®*" local environment for two
representative compositions, SiAION-0.125-0.0417 and SiA-
1ON-0.208-0.0417. The Eu—N bonds can be classified into two
types, three shorter Eu—N bonds of 2.488—2.516 A and six
longer Eu—N bonds of 2.745—2.826 A. These results are in
good agreement with the estimated bond lengths from previous
EXAFS fitting (three Eu—N bonds of 2.491 A and six Eu—N
bonds of 2.891 A) for z = 0.125 at 20 K./

Photoluminescence Properties. Using the pf-SiAlO-
N:Eu?* structures in Table 1, we carried out a systematic
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Figure 4. Symmetric EuNy local environment in (a) SiAION-0.125-
0.0417 and (b) SiAlION-0.208-0.0417. Maroon spheres, Eu; gray
spheres N. Eu—N bond lengths are annotated in A.

investigation of the effect of the Si/Al ratio or oxygen content
(characterized by z) and concentration of the Eu** activator on
the emission peak and bandwidth.

Figure Sa presents the calculated PBE ground state band
structure for SiAION-0.125-0.0417. The calculated band
structures of other compositions have similar features. We
may observe that the seven 4f electrons of Eu*" are localized
around the Fermi level, and there is a large splitting between
the topmost two 4f levels. In a previous work, we have
identified the magnitude of this splitting AEg, defined as the

energy gap between the topmost two 4f bands, as a descriptor
for emission bandwidth, with narrow-band emitters having AE;
> 0.1 eV (see inset in Figure 5a).'* It should be noted that this
splitting is based on band structures computed with the Kohn—
Sham DFT approach, and therefore it does not correspond to
the true 4f’ levels; nevertheless, the applicability of this
descriptor has been tested over a variety of host structures
(both broad- and narrow-band) and chemistries. The valence
band maximum (VBM) of the host is primarily composed of N
2p orbital states, while the conduction band minimum (CBM)
of the host is primarily composed of bonding states between Si
3s, 3p and N 2p orbitals. The Eu 4f and 5d states lie within the
host band gap.

Figure 5b shows the plot of the calculated AE for z ranging
from 0.125 to 0.75 with different values of y. We may observe
that AEg at low z concentrations are greater than 0.1 eV,
implying a narrow emission bandwidth. On the other hand,
AEg at a large z = 0.75 is less than 0.1 eV, indicating a
broadening in emission spectra. These predictions are in line
with previous experimental observations."”

Figure Sc plots the change in the calculated HSE and PBE
band gap E, as a function of z for the undoped hosts (y = 0).
We find that E, decreases with increasing z, which is consistent

g
with experimental observations.”” We note that these results are
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Figure 5. Calculated PL properties for StAION-z-y. (a) Electronic band structure and projected density of states for S;AION-0.125—0.0417. (b) Plot
of calculated bandwidth descriptor AEg as a function of z. Red circles indicate compositions with the same z/y ratio. Green stars indicate
compositions with the same y. The solid and dashed lines are drawn only to guide the eyes. (c) Plot of calculated undoped host (y = 0) band gap as a

function of z.
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also qualitatively consistent with previous DFT results by
Tatsumi et al.,*° though z values investigated in that work are
far higher (>1) than experimental compositions and the band
gaps are severely underestimated due to the use of semi-local
DFT functionals. The decrease of host band gap with increasing
z can be ascribed to the lowering of the CBM due to increased
hybridization between the N 2p and O 2p orbitals.”> The
calculated HSE E, for -Si;N, is §.71 eV, which is close to the
GoW, value of 6.06 eV> but somewhat lower than the
experimental value (7.2 + 0.2 eV).”” Unsurprisingly, the semi-
1ocal1 6PBE functional significantly underestimates the band
gap.

Thermal Quenching Behavior. In the auto-ionization
model of Dorenbos,”* thermal quenching occurs when a 5d
electron in the excited state (4/°5d') is promoted to the
conduction band of the host instead of relaxing back to 4f band.
The relationship between PL emission intensity and temper-
ature is then given by an Arrhenius relationship of the form

IO
E
T

IT:F—
1+F°exp<k -
v B

)

where I and I are the luminescence intensity at temperature T
and initial intensity at lower temperature, respectively, E, is the
energy barrier for thermal quenching, kg is the Boltzmann’s
constant, I'y is the attempt rate for thermal quenching at T =
o0, and T, is the radiative decay rate of of Eu**.

Figure 6 shows the calculated excited band structures of
SiAION-0.125-0.0417, SiAION-0.167-0.0417, and SiAlON-
0.208-0.0417. The excited band structures of the other fS-
SiAlION: Eu*" compositions explored in this work are given in
Figure SS. It should be noted that the 4f bands in the excited
band structures for S-SiAION:Eu** lie below the host valence
band. This is unlike previous DFT work by Jia et al.*> on the
Ce*-doped lanthanide silicate nitrides where the excited 4f
bands lie within the band gap. However, recent work by Poncé
et al.”® on Eu?*-doped barium oxynitrides similarly found that
the 4f bands lie within the host valence band unless an atomic
potential energy shift is applied. Given that we are only
interested in comparisons in the relative trends in the gap
between the excited 5d levels and the host CBM, we have not
attempted to apply such a shift in this work.

From the energy gap between the excited Eu** 5d state and
the host CBM in the excited band structure, we may estimate
the thermal quenching activation energies E, to be 0.56—0.68
eV. These relatively high activation energies are in reasonable
agreement with the reported experimental values of 0.70—0.75
eV’ and 0.95—1.0 eV." It should be noted that direct
comparison is difficult since the exact compositions obtained
experimentally are not the same as those studied in this work.
We also observe that E, increases with increasing z from 0.125
to 0.167, and then decreases with increasing z from 0.167 to
0.208 at constant Eu** concentration (y = 0.0417).

B DISCUSSION

In this section, we will present an overview of the insights that
can be obtained from integrating the results reported in the
previous section, with a focus on the effect of Si/Al ratio or
oxygen content (z) and Eu*" activator concentrations (y) on
local activator environment and PL properties.

Red-Shift in Emission. Experimentally, it has been
observed that the emission peak in S-SiAION:Eu** shifts
from 525 to 550 nm with increasing z from 0.1 to 2.0 at 0.7 mol
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Figure 6. Calculated excited-state band structure and projected density
of states for (a) SiAION-0.125-0.0417, (b) SiAlON-0.167-0.0417, and
(c) SiAION-0.208-0.0417. CB denotes the host conduction band.

% Eu*"." It has been speculated that the increased Stokes shift
resulting from the lattice expansion was responsible for the red-
shift. Our results do not support this hypothesis.

In general, the red-shift can be the result of a centroid shift
and/or crystal field splitting in the Eu 5d orbitals.”””* Larger
centroid shifts and crystal field splitting lead to longer emission
wavelengths and, hence, larger red-shifts. The centroid shift is
related to the nephelauxetic effect, with higher activator—anion
bond covalency leading to larger centroid shifts. The magnitude
of the crystal field splitting is related to the activator—anion
local geometry, which can be described by the average bond
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length (I,,) and distortion index (D) of the activator—anion
polyhedron. Shorter [, and higher D typically lead to a larger
splitting.

To assess the magnitude of the nephelauxetic effect, we have
performed Bader charge analysis (see Table S1) for the EuN,
polyhedrons in SiAION-0.125-0.0417 and SiAION-0.208-
0.0417. We find that there are only minor changes in the
effective charges on both Eu and N with increasing z, which
indicate that the covalency of the Eu—N bond is not
significantly affected by the nearby Al and O atoms. Based on
these observations, we would argue that the nephelauxetic
effect, and hence the centroid shift, is likely to play a negligible
role.

From Figure 3, we find that both I, and D increase with
increasing z at constant y = 0.0417. However, the percentage
increase in D is 3.32%, S times larger than the increase in I,
(0.63%). We speculate that the effect of increasing D dominates
over the increase in [, resulting in a larger crystal field splitting
with increasing z, thereby causing a red-shift in emission. We
also note that the host band gap also decreases with increasing
z, which may also contribute to the red-shift.

Jia et al.*® recently adopted a ASCF approach combined with
CDFT to estimate the absorption and emission energies, and
hence, the Stokes shift. Though we were able to obtain
reasonable absorption wavelengths for S-SiAION:Eu** (331—
364 nm, consistent with experimental observations') using this
approach, we find that emission wavelengths are significantly
underestimated. It should be noted that this approach has only
been tested on Ce**-doped lanthanum silicate nitrides. A more
thorough assessment of this approach, especially with regard to
its sensitivity to calculation parameters, choice of exchange-
correlation functional, and the activator species, will be the
subject of future work.

Broadening of Emission. Our results show that the
oxygen concentration z has a significant effect on the descriptor
for emission bandwidth AE;. Large increase in z beyond 0.125
leads to AEg dropping below 0.1 eV, with a corresponding
broadening of the emission. This decrease in AEg may be
attributed to the increase in Eu—N bond length [, (and EuN,
polyhedron volume V) with increasing z (see Figure 3). As
proposed in our previous work,'* the large AEg observed in
narrow-band emitters (regardless of color) can be attributed to
the crystal field penalty imposed by the highly symmetric EuN,
environment. With increasing Eu—N bond lengths, this crystal
field penalty is reduced, which leads to a decrease in AE;.
These observations provides an explanation for the previously
observed broadening of the emission band with increasing
oxygen content.” Also, oxygen content in experimental
synthesis tends to be higher due to oxidation of the
reactants.””

Thermal Quenching. From the CDFT band structures, we
observe that the predicted barrier for thermal ionization in f-
SiAlON:Eu*" is relatively high (~0.56—0.68 eV), which is
consistent with its reported excellent thermal quenching
resistance.”” However, our calculations suggest that with
increasing z, the thermal ionization barrier is initially increased
and then reduced at constant Eu** concentration (y = 0.0417).
This is somewhat contrary to Xie et al’s experimental
observations' that S-SiAlON’s thermal stability improves
monotonically with increasing z from 0.1 to 1.0 at 0.3 mol%
Eu’*. We are unable to explain the discrepancy, beyond noting
that though a decreasing trend is seen in the DFT calculations
with z ranging from 0.167 to 0.208, the barrier remains
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nonetheless very high (suggesting thermal stability remains
good), and the range of z investigated in this work is narrower
than that in the experimental study. We also note that an
alternative approach to assessing thermal stability is based on
the rigidity of the crystal structure, which can be estimated by
calculating the Debye temperature of the host. Brgoch et al.”
have recently performed such an analysis, where they observed
that the thermal stability of #-SiAION decreases with increasing
oxygen content due to lower host structural rigidity, again at
odds with the experimentally observed trend. Finally, there are
many factors that can influence the measured emission intensity
(e.g., synthesis condition, particle crystallinity, etc.) ,>? and these
factors will also affect the experimentally estimated thermal
activation barrier.

Phosphor Design Insights. Composition tuning is one of
the most common approaches to optimize the PL properties of
phosphors. Though the effect of varying oxygen content and
Eu?* activator concentration on S-SiAION has been studied
extensively in the experimental literature, the main contribution
of this work is establishing a direct link between composition,
local Eu** activator environment, and various PL properties. To
achieve narrower emission band widths and minimize red-
shifting, our results suggest that synthesis should be directed
toward achieving lower oxygen content in S-SiAION. Such
narrow green emitters would be highly promising for high-
power LED and LCD backlighting applications. In terms of
thermal stability, we would expect the effect of oxygen content
to be small based on the current study as well as previous
theoretical and experimental studies."’

More importantly, the general approach outlined in this work
can be used in other chemical tuning efforts using first-
principles calculations. For example, a topic of major interest at
the present moment is in using chemical co-substitution to
improve the properties of not just S-SIAION, but also other
oxide and nitride phosphors.’”*" A similar process of
elucidating the effect of such composition modifications on
activator local environment using first-principles calculations
can potentially yield more targeted optimization strategies to
achieve a desired balance of PL properties, accelerating the
phosphor design process.

Bl CONCLUSION

In conclusion, we have performed a systematic study of
structure—composition—property relationships in Eu**-acti-
vated B-SiAION using density functional theory calculations.
Using a chemical-rules-based screening approach, we identified
energetically favorable models for Sis_,AL,O, ;N .., :yEu, with
various Eu** activator concentrations y and Si/Al ratios (or
oxygen concentrations) z. We show that the oxygen
concentration z can have a significant effect on the local
environment of the Eu®* activator in f-SiAlION. Increasing z
leads to an increase in the Eu—N bond length and increasing
distortion of the EuNy polyhedron, which in turns leads to red-
shifting and broadening of the emission. Based on these results,
we suggest further reduction in oxygen content z as a pathway
to achieving narrower emission band widths for high-power
LED and LCD backlighting applications. Finally, the insights
gained provide a constructive approach to further improvement
of PL performance in not just f-SiAION but also other
phosphors.
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