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ABSTRACT: The development of extra-broadband phos-
phors is essential for next-generation illumination with better
color experience. In this work, we report the discovery of the
first-known Eu**-activated full-visible-spectrum phosphor,
S1,AlSi,O(N:Eu’*, identified by combining data mining of
high-throughput density functional theory calculations and
experimental characterization. Excited by UV-light-emitting
diodes (LEDs), Sr,AlSi,O¢N:Eu** shows a superbroad
emission with a bandwidth of 230 nm, the broadest emission
bandwidth ever reported, and has excellent thermal quenching
resistance (88% intensity at 150 °C). A prototype white LED
utilizing only this full-visible-spectrum phosphor exhibits
superior color quality (R, = 97, Ry = 91), outperforming

\

commercial tricolor phosphor-converted LEDs. These findings not only show great promise of Sr,AlSi,O4N:Eu*" as a single
white emitter but also open up in silico design of full-visible-spectra phosphor in a single-phase material to address the
reabsorption energy loss in commercial tricolor phosphor mixture.

B INTRODUCTION

Ilumination sources based on phosphor-converted light-
emitting diodes (pc-LEDs) are of great relevance to energy
savings.' > The typical commercial white LEDs based on blue
LED chips and yellow-emitting phosphors suffer from “blue
spike”, “cyan gap”, and deficiency of the red-light component,
leading to severe problems of blue-light hazard, discomfort
glare, and poor color rendition, respectively."**> UV-pumped
white LEDs utilizing UV-LED chips with a tricolor (blue/
green/red) phosphor mixture have emerged as a promising
alternative to improve the color quality of general illumination,
valued by the Department of Energy solid-state lighting
program.”” Nevertheless, the tricolor phosphors have to be
mixed homogeneously to avoid agglomeration, which in turn
results in strong reabsorption energy loss (>20%) among the
phosphor mixture and consequently decreases the efficiency of
pc-LEDs. Moreover, it is challenging to control the color
balance for phosphors mixture due to their different thermal
quenching behaviors. The development of a single-phase
broadband phosphor is therefore regarded as the best option to
produce white light with high quality of illumination.
Recently, a few single-phase compounds have been reported
as broadband white-emitting phosphors.g_14 For example, Dai
et al. reported the Sry(PO,);_.(BO;),Cl:0.04Eu** solid
solution as a white-light phosphor by substituting PO, with
BO; polyhedron in the Sry(PO,);Cl matrix.® This Eu*'-
activated solid solution showed an emission bandwidth (the
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full width at half-maximum or FWHM) of ~137 nm but had
severe thermal quenching (~38% at 150 °C) and moisture
sensitivity. Durach et al. later discovered La;BaSisN,O,:Ce®" as
a broadband (FWHM = ~167 nm) yellow-emitting phosphor
but did not evaluate its performance.” Zhu et al. investigated
the luminescence properties of Y;SigN,O:Ce’*, which
exhibited an emission maximum at 620 nm and a broad
bandwidth of 178 nm."® This phosphor has quite a large
thermal quenching, and its emission intensity was reduced by
80% at 150 °C. The broadband emission of Ce**-activated
phosphors could be attributed to the intrinsic large spin—
orbital splitting (>2000 cm™) of the lowest 4f (*Fs,, and
°F,/,) levels and multiple luminescent centers in the
structure.”' %" Despite extensive studies, no Eu**-activated
single-phase compound has been discovered to be an extra-
broadband (FWHM > 150 nm) white-emitting phosphor.

In principle, the (extra-) broadband emission of a Eu**-
activated phosphor arises from its multiple luminescent
centers, which could be achieved via two folds, (i) diverse
local environments for Eu*" and (ii) codoping Eu** with other
activators (e.g., Eu’* or Mn2+) based on energy transfer.'' ~'*
The first approach offers a better manipulation of color
stability, whereas the second one often suffers from poor color
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Figure 1. Computation-assisted discovery and structure analysis of Sr,AlSi,O¢N. (a) Calculated SrO—SiO,—Si;N,—Al,O5 three-dimensional phase
diagram at 0 K. Dark blue circles, known stable phases in the Materials Project database; red circle, new predicted phase, Sr,AlSi,OgN. (b) Unit cell
of the ordered Sr,AlSi,O¢N structure. (c) Relative energies of distinct orderings of reconstructed Sr,AlSi,O¢N structures. The left panel in (c)
shows relative energy distributions of ordered configurations for structures with Al(2a)/Si(4e) occupancy changing from 1.0/1.0 to 0/0.5 and
uniform O/N distributions. The occupancy change steps for Al(2a) and Si(4e) are 0.25 and 0.125, respectively. Only three Al/Si occupancies are
labeled for the sake of brevity. The right panel shows relative energy distributions of ordered configurations for structures with N occupying a single
2c, 4e, 8f site or two of these three sites and Al(2a)/Si(4e) of 1.0/1.0. (d) Energetically favorable representation of the Sr,AlSi,O¢N structure with

Al(2a)/Si(4e) occupancy of 1.0/1.0 and uniformly disordered O/N.

stability because of distinct thermal quenching behaviors of
different activators. The diverse local environments could be
accessed using the host material with multiple nonequivalent
doping sites or distinct ligands. Nowadays, new strategies, such
as single-particle diagnosis,'® mineral-inspired prototype
evolution,’”” and combinatorial chemistry screening,”~ have
been utilized in aiding new phosphors discovery. Among them,
high-throughput first principles calculations have become a
powerful tool by rapidly screening thousands of materials with
properties of interest.”~>* Very recently, an earth-abundant
phosphor host Sr,LiAlO, was discovered by high-throughput
density functional theory (DFT) prediction and confirmed as a
green/blue-emitting phosphor with Eu**/Ce?" activation in the
experiment, which is the first successful demonstration of in
silico phosphor discovery for pc-LEDs.”"

In this work, we report a full-visible-spectrum phosphor
identified by combining density functional theory (DFT)
prediction and experimental validation. We performed high-
throughput screening for the selected Sr—Al-Si—O-N
chemistry and propose structurally disordered Sr,AlSi,O¢N
as a promising host material for Eu**-activated broadband
phosphors with good phase and thermal stabilities. The pure-
phase Sr,AlSi,O¢N:Eu®* was successfully synthesized and
measured to have an extra-broad emission bandwidth of 230
nm, which to the authors’ knowledge is the broadest white-
emitting phosphor in single-phase Eu** or Ce**-activated
phosphors. Also, it has an excellent thermal quenching
resistance, retaining 88% emission intensity at 150 °C. We
also demonstrate that Sr site engineering via chemical
substitution is a promising way to improve the quantum
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efficiency and the local structures of these substituted
phosphors were elucidated using DFT calculations and
Raman and NMR analyses. A prototype pc-LED utilizing the
developed single-phase white-emitting phosphor yields white
light with a correlated color temperature of 4000 K and high
color rendering indexes (R, = 97, R, = 91).

B RESULTS AND DISCUSSION

Host Material Identification. As previous studies have
shown, the presence of multiple activator local environments
can result in emission spectra broadening in phosphors.”** In
this work, our focus is on new phosphor discovery in the
relatively unexplored Sr—Al—-Si—O—N quintenary chemistry.
This choice is guided by the hypothesis that the relatively
similar ionic radii of the cations AP* and Si*' as well as the
anions N®~ and O?” provide an immense scope for the
formation of compositionally tunable disordered solid solution
phases, for example, as seen in the SiAION family of
compounds.”’ The high-throughput framework>"** used in
this work is depicted in Figure S1. By applying a data-mined
ionic substitution algorithm on all prototype structures in
ICSD-2017, a total of 496 novel candidate phosphor hosts in
the Sr—Al—Si—O—N chemical space were generated (see the
Supporting Information worksheet). The first criterion that
any technological material must satisfy is the phase stability.
We constructed the 0 K DFT phase diagram based on known
stable phases available in Materials Project” for Sr—Al—Si—
O-N chemistries and then computed the energy above the
linear combination of stable phases in this phase diagram, also
known as E,, to estimate the thermodynamic stability of a
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predicted compound. Similar to previous DFT HT screening
works,”*" we adopted a conservative Ey threshold of 50
meV/atom to pinpoint thermodynamically stable or metastable
phases. As a phosphor host, the compound is expected to have
an appropriate host band gap for visible emission when
activated with Eu®**/Ce3*. Our previous work found that there
is an inverse relationship between experimental wavelength
and the DFT computed host band gap (E,) using the Perdew—
Burke—Ernzerhof (PBE) functional.”®*' We therefore limited
the PBE E, ranging from 3.0 to 5.5 eV for visible emission. A
phosphor with a large host band gap and rigid structure also
tends to be thermal stable due to the large photoionization
energy.’>** We then used the more accurate Heyd—Scuseria—
Ernzerhof (HSE) functional**** to predict the host band gap.
The structure rigidity was estimated by the DFT-calculated
Debye temperature (@p). Table S1 summarizes the predicted
three promising phosphor hosts, among which Sr,AlSi,O¢N is
emerged as the most promising candidate in terms of phase
stability, large host band gap, and high Debye temperature.
The other two materials, Sr;AlSi;OgN and SrAl,Si;O,N,, are
predicted to be metastable, signifying that more efforts might
be devoted to their synthesis.

The crystal structure of Sr,AlSi,O¢N (space group: P42,m)
is derived from Ba,ZnGe,S,0 (ICSD no. 14174) via a
multispecies substitution of Ba** with Sr**, Zn*" with AI*Y,
Ge** with Si**, $>~ with O*7, and O*~ with N*~. Sr,AlSi,ON
exhibits alternating Sr and Si/Al layers with a single Sr
crystallographic site, shown in Figure 1b. DFT computations
predict that Sr,AlSi,O4N is thermodynamically (Ep = O, see
Figure 1a)*’ and dynamically (see Figure S2) stable, with PBE
and HSE host band gaps (E,) of 3.82 and 5.41 eV, respectively,
and a rigid crystal structure (@, = 525 K). According to the
reported inverse relationship between experimental wavelength
and the PBE Eg,28 Sr,AlSi,O¢N is predicted to yield orange-red
emission when activated by Eu*".

Given the high-temperature synthesis conditions for oxy-
nitrides and the relatively similar ionic radii of AI**/Si** and
0?7/N*", we performed further investigations of Al/Si and O/
N disorder on the stability of Sr,AlSi,O¢N. Based on the fully
disordered Sr,AlSi,O¢N structure, Al and Si can occupy the 2a
and 4e sites, while O and N occupy the 2c, 4e, and 8f sites. To
keep the number of computations tractable, cation and anion
disorders are modeled independently using an approximate
mean-field approach. First, different Al/Si occupancies are
assigned to the 2a and 4e sites such that the overall
composition is that of stoichiometric Sr,AlSi,O¢N, while a
uniform anion occupancy is assigned to the 2c, 4e, and 8f sites.
It is found that the lowest energy cation ordering is one where
Al fully occupies the 2a site and Si fully occupies the 4e site.
This occupancy preference is also confirmed by our Raman
and solid-state nuclear magnetic resonance (NMR) results
(vide infra). The site occupancies explored are summarized in
Table S2. The corresponding crystal structures are illustrated
in Figure S3. The relative energies of distinct orderings of
refined Sr,AlSi,O¢N structures are sorted in Figure lc. Based
on the preferred cation ordering, we explored different anion
occupancies. We find that while full N occupancy on the 4e
sites is clearly unfavorable, partial occupancy of N on 2c, 4e,
and 8f results in structures that are relatively close in energy
(<50 meV/atom difference). Considering the high sintering
temperature of Sr,AlSi,O4N, we have constructed the anion-
disordered structure model given in Figure 1d with Al (2a),
1.0; Si (4e), 1.0; and uniformly disordered N/O.
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Synthesis of the Predicted Compound. The predicted
Sr,AlSi;NOg was successfully synthesized using the solid-state
reaction. Figure 2 shows the simulated and experimental X-ray

Experiment
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Figure 2. Measured (red) and calculated (black) X-ray powder
diffraction patterns of Sr,AlSi,O¢N. The inset is the square antiprism
Sr(O/N); polyhedron.

diffraction (XRD) profiles of Sr,AlSi,O¢N, which are in
excellent agreement with each other, confirming the successful
synthesis of the predicted Sr,AlSi,O¢N compound. The
predicted crystal structure (Figure 1d) of Sr,AlSi,O¢N was
used for the XRD Rietveld analysis and the residual factors are
R,, = 6.10% and R, = 4.67% (Figure S4). The inset presents
the square antiprism Sr(O/N); polyhedron. The disordering of
Al/Si and O/N atoms in Sr,AlSi,O4N unambiguously indicates
distinct local environments for Eu®*, which are of great benefit
to broadband emission.

Photoluminescence (PL) Properties. The 1 mol % Eu**
concentration for Srz_yAlSiZOGN:yEu2+ was optimized in terms
of its quantum yield (QY) and absorption efficiency (Figure
SS) and then used for photoluminescence properties
investigations. Figure 3ab presents the measured photo-
luminescence spectra of Sr,AlSi,O¢N:Eu**. The excitation
spectrum shows a strong absorption centered at 330 nm
ranging from 250 to 450 nm. Under the excitation of 330 nm, a
bright white emission light is achieved. The emission spectrum
has an unprecedented broadband spanning from 400 to 850
nm with a bandwidth of 230 nm, covering the full visible
spectrum and peaking at 600 nm. Since there is only one
crystallographic site for Eu®* activation, the broad emission is
attributed to the multiple local environments for Eu®*
activators introduced by the disordering of both Al/Si and
O/N. To further confirm the multiple luminescent centers, we
collected the decay curve monitored at 600 nm under the
excitation of 330 nm, as plotted in Figure 3c. The decay curve
can be well fitted into the following double-exponential
function®®

t t
I=A exp[——] + A, exp[——]
a1 3

According to the fitted values of 7; (160.5 ns), 7, (1304.6 ns),
and their percentage contents, the average lifetime calculated is
1.14 ps. The 7, value is in line with the typical radiative decay
of Eu®*, whereas the smaller 7, value implies a fast decay
behavior, which is possibly related to the energy transfer
process between Eu*" activators in different local environ-
ments. The low-temperature (10 K) decay curves (see Figure
S6) of Sr,AlSi,O¢N:Eu** recorded with respect to the
detection wavelength from 400 to 800 nm show that the
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Figure 3. Photoluminescence properties of white-emitting Sr,AlSi,O¢N:Eu**. (a) Excitation and (b) emission spectra measured at room
temperature. (c) Luminescent decay curves of Sr,AlSi,O¢N:Eu’* monitored at 600 nm under the excitation of 330 nm. (d) Temperature
dependence of the peak emission intensity.
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Figure 4. Photoluminescence evolutions of Sr,AlSi,O¢N:Eu**-based compounds by chemical substitutions. Excitation and emission spectra of (a)
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Ca,AlSi,O¢N (Ca,)). (c) Average bond length (d,,) and polyhedron distortion index (D) results from Rietveld refinements. (d) Relationship
between site energy difference (Eqq) and FWHM. (e) Thermal quenching behaviors of Sr,AlSi,O¢N:Eu**-based phosphors. (f) Schematic energy-
level diagram for Eu** in Sr,AlSi,O(N and Ca,AlSi,O¢N host structures.

luminescence decays faster at a shorter wavelength than that at transfer.””*® The QY of broadband phosphors tends to be
a longer wavelength, which is a typical behavior of energy inherently lower than narrow-band phosphors. Nevertheless, it
6289 DOI: 10.1021/acs.chemmater.9b02505
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Figure 5. Local structure analysis of Sr,Al,,Si, ,Og,.N;_:Eu** (x = 0—1) compounds. (a) Raman spectra. (b) Solid-state *’Al MAS NMR spectra.
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is compensated by the fact that the extra-broadband phosphor
avoids the reabsorption energy loss (>20%) that tricolor
phosphor mixture severely suffers from because of large
spectral overlapping,

For practical applications, thermal stability is another critical
parameter for phosphor materials. As shown in Figure 3d, the
temperature-dependent emission intensity measured from 80
to 500 K reveals that Sr,AlSi,O4N:Eu** possesses an excellent
thermal quenching resistance. The emission intensity main-
tains 88% at 423 K (150 °C) with respect to 80 K. We then
collected the temperature-dependent lifetime curves as a
function of temperature from 10 to 500 K (Figure S7). The
change in the lifetime is consistent with that of the luminescent
intensity, reconfirming the excellent thermal quenching
resistance of Sr,AlSi,O4N:Eu**. These findings show great
promise of Sr,AlSi,O¢N:Eu®* as a single white-emitting
phosphor for high-quality white LEDs.

Chemical Substitutions. To further improve the quantum
efficiency of this highly promising full-visible-spectrum
phosphor, we explored various chemical substitutions. Taking
Sr,AlSi,O¢N as the parent structure, we generated seven new
compositions by substituting AlI-O < Si—N or Sr — Ca/Ba
and then evaluated their structural and electronic properties
relating to photoluminescence using DFT calculations. The
calculated results are summarized in Table S3. Three of them
are particular promising because of their good phase stability
(Epar = 0). Sr,ALSiO,:Eu** has already been reported as a
cyan-emitting phosphor,” which confirms the reliability of our
approach in search of new phosphors. It should be noted,
however, that while there have been many previous attempts at
Al-0O < Si—N substitution in Sr,Al,SiO-, none has succeeded
in achieving a N doping concentration of more than 0.6."° We
then synthesized seven phosphors with compositions of

SryAl,,Si, .04, . N;_,:Eu®** (x = 0-1) and
Sr,_,Ca,AlSi,O(N:Eu** (z = 0-2). These compounds
maintain high phase purity across the entire substitution
range examined, as described in Figures S8 and S9. The
primary peak in the XRD profiles of
Sr AL, Si, O, N,_:Eu** (x = 0—1) shifts toward lower
angles with increasing x, whereas the one in
Sr,_,Ca,AlSi,O(N:Eu** (z = 0—2) moves to higher angles
with increasing z. The former can be ascribed to the
replacement of Si—N bonds by the slightly longer Al-O
bonds, and the latter is due to the substitution of smaller Ca
atoms for Sr atoms. These changes are also confirmed by the
fitted lattice parameters from X-ray Rietveld refinement
analysis (Table S4).

Next, we carried out a comprehensive investigation on the
relationship between compositions and photoluminescence
properties. With increasing x in Sr,Al,,,Si, O, N;_:Eu*" (x
= 0—1), the emission peak is blue-shifted from 600 to 513 nm
and the corresponding bandwidth decreases from 230 to 112
nm (Figure 4a). A similar blue shift in emission peaks (600 —
525 nm) and a decrease of bandwidth (230 — 155 nm) are
also observed for Sr, ,Ca,AlSi,ON:Eu** (z = 0-2) with
increasing z, as displayed in Figure 4b. It is generally accepted
that the shift of emission maximum can be attributed to the
centroid shift of Eu free ion and crystal field splitting (CFS) of
the Eu 5d orbitals."””*" Smaller centroid shift and weaker
crystal field splitting lead to a blue shift in emission. The
centroid shift is related to the nephelauxetic effect. The higher
the Eu—O/N bond covalency, the larger the centroid shift. The
magnitude of CFS is determined by the Eu—O/N local
geometry, which can be described by the average bond length
(d,,) and distortion index (D) of the square antiprism Eu(O/
N); polyhedron in terms of D = %Z?:I ld‘;d“l. A shorter

av
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bond length and a higher distortion index typically result in a
larger CFS. Given the stronger covalency of Sr—N bonds than
Sr—O ones, the centroid shift decreases with increasing x in
Sr,AlL,. Si, O, N,_:Eu** (x = 0—1). Meanwhile, based on
the XRD Rietveld refinement analysis (Figure 4c), the average
Eu—O/N bond length expands, while the distortion index
decreases with increasing «x in Sr,Al},,Si,_,Og, Ni_:Eu** (x =
0—1), both of which signify a weaker CFS and consequently
lead to a blue shift in emission. Similarly, with increasing z in
Sr,_,Ca,AlSi,ON:Eu** (z = 0-2), the centroid shift is
expected to be untouched considering their same Eu—O/N
local environments and the Eu—O/N bond length and Eu(O/
N); polyhedron are seen to become shorter and more
distorted, respectively. This interpretation implies that Eu
atoms experience a stronger CFS, which will result in a red
shift, contradicting our experimental findings. We argue that
the enlarged host band gap (see Table S3) is responsible for
this blue shift, which is also observed in S-SiAION:Eu**".**
Although the emission bandwidths decrease significantly, their
emission spectra are still broader than the general Eu®'
emissions (FWHM = 90—120 nm).”® To shed light on the
changes of emission bandwidth, we calculated the Eu site
energy difference (Egg) between the most energetically
favorable and unfavorable ordered structures for each
phosphor using DFT calculations. We find that there is a
positive relationship between the Eu site energy difference and
measured emission bandwidth (Figure 4d). The larger the Eyg
the further the two end luminescent centers, signifying a
broader emission spectrum. We also observe a big jump in
emission bandwidth from Sr,Al, (Si; ;OgsNys to Sr,ALSIO,
(195 — 112 nm), which unambiguously proves the critical role
of structural disorder in the broadband emission.

Figure 4e presents the measured thermal stability of these
substituted phosphors. After chemical substitutions, the
phosphors show some decrease in thermal stability but still
possess good thermal quenching resistance by maintaining
>77% of the initial intensity at 423 K (150 °C). The slightly
decreased thermal stability is due to the upward shifting of
excited Eu Sd orbitals accompanied with the blue-shift
emission (Figure 4f). As shown in Table SS, the QYs of
Sr,_,Ca,AlSi,O¢N:Eu** (z = 0—2) phosphors increase by a
factor of 2 from 7.9 to 19.1%. These findings suggest that
engineering Sr sites by partial substitutions is a promising way
to further optimize its performance in future works.

Structure Evolution. The Al-O chemical substitution
renders the structure of Sr,AlSi,O¢N more complex, and here,
we take advantage of Raman spectra and solid-state nuclear
magnetic resonance (NMR) to provide direct insights into the
local structure. Figure Sa shows the measured Raman spectra
of SryAlL,,Si,_.Og,.N,_:Eu** (x = 0—1) with sharp vibrational
peaks ranging from 200 to 1200 cm™'. We note that the two
peaks at around 730 and 1070 cm’, identified to be the
stretching vibrations of N—Si—N bond based on the density
functional perturbation theory (DFPT) calculations, fade away
with increasing . This indicates that Si has a preference to
reside at the 4e Al/Si site, bonding one 2c O/N, one 4e O/N,
and two 8f O/N, not at the 2a Al/Si site where it is
coordinated to four identical 8f O/N. The peak with relatively
higher Raman intensity at 730 cm™" can be attributed to the
vibrations of doublet N(2c)—Si(4e)—N(8f) and the other one
is likely due to the vibration of singlet N(8f)—Si—N(8f) since
N is energetically unfavorable to locate at 4e O/N site based
on our previous DFT results. These observations verify our
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DFT predictions of Al/Si and O/N sites occupying tendency
(see Figure 1c).

Figure Sb,c presents the *’Al and *’Si solid-state NMR
spectra of Sr,Al},,Si,_,O¢,.N;_:Eu** (x = 0—1), respectively.
The chemical shifts of *’Al at 60 ppm and *Si at —75 ppm
arise from [AlO,] and [SiO,] tetrahedral units, respec-
tively.*”** With increasing x, the resonance bandwidth in
NMR ?’Al spectra broadens from 41 to 68 ppm and it narrows
down from 23 to 8 ppm in NMR *Si spectra. This is likely
because at higher x, Al atoms not only fully occupy 2a Al/Si
but also partially take up 4e Al/Si sites (Figure Sd—f). In
particular, the shoulder at —65 ppm in NMR *Si spectra is
assigned to the [SiO,N,] tetrahedron.* It can be clearly seen
that the intensity of this shoulder gradually decreases with
increasing x. This observation is consistent with our Raman
spectra results for N—Si—N bonds and consequently
reconfirms the critical role of the structure disorder in
broadband emission.

Finally, this novel broadband white-emitting phosphor was
evaluated for practical applications. By employing
Sr,AlSi,O¢N:Eu’* as a single emitter, we fabricated a prototype
white LED. The Commission Internationale de I'Eclairage
(CIE) 1931 color coordinates are located right near the
Blackbody with very small chromaticity drift when the forward
bias driving current increases from 100 to 350 mA, as
summarized in Table S6. The chromaticity shift (AE) is
calculated to be as small as 7.7 X 107> using the following
equation

AE = \/(u} - u) + v - V) + (wf — w/)* (1)
where 4’ = 4x/(3 — 2x + 12y), v/ = 9y/(3 — 2x + 12y), and w’
=1—v" —u'. 4 and v’ are chromaticity coordinates in the u'v’
uniform color space. x and y are chromaticity coordinates in
CIE1931 color space, and i and f represent 100 and 350 mA,
respectively. Given stable driving current of 300—350 mA,
excellent color quality was obtained with R, = 97 and Ry = 91.
The corresponding spectrum and photograph are displayed in
Figure S10. The full-visible-spectrum emission of this single-
phase phosphor makes the white light color quality even
outperform that of tri-phosphor-converted white LEDs.*
These results demonstrate that this newly discovered phosphor
has great potential to serve as white-emitting phosphor for
high-color-quality lighting applications.

B CONCLUSIONS

In summary, leveraging on DFT structure prediction and
photoluminescence (PL)-related properties calculation, we
have discovered a novel Sr,AlSi,O4N phosphor host with good
phase and thermal stability. Our DFT calculations further show
that the Sr,AlSi,O4N structure is highly disordered and
flexible, which is of great benefit to broadband emissions.
The PL measurements indicate that Sr,AlSi,O4N:Eu** has a
full-visible-spectrum emission with a minimal thermal quench-
ing up to 500 K. We have also evidenced that the chemical
substitution, particularly, by engineering the Sr sites, is a
promising route to optimize the PL properties. The Raman
and NMR spectra analyses uncover the structure evolutions
introduced by the chemical substitutions and confirm the DFT
structure prediction of Al/Si and O/N sites occupying
tendency. The white LED fabricated using the as-discovered
single-phase full-visible-spectrum phosphor shows excellent
color quality (R, = 97, Ry = 91), superior to some tricolor pc-
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LEDs. The strategy reported in this work provides a general
pathway to the discovery of single-phase full-visible-spectrum
phosphor for white LEDs with superior color quality.

B MATERIALS AND METHODS

Computational Methods. All density functional theory (DFT)
calculations were performed using the Vienna ab initio simulation
package within the projector-augmented wave method.””** We used
the generalized gradient approximation Perdew—Burke—Ernzerhof
(PBE) functional for structure relaxation and energy calculations.*®
The plane wave energy cutoff was 520 eV, and the Brillouin zones
were integrated with a k-point density grid at least 100/A™3
(reciprocal lattice volume). All properties calculations for host
materials unless stated otherwise were carried out with parameters
in line with the Materials Project.” All crystal structure manipulations
and data analysis were performed using the Python Materials
Genomics (Pymatgen) package.49

The dynamic stability of host materials was evaluated by computing
the phonon spectrum using the finite difference method implemented
in the Phonopy code.*® The energy and force criteria of 1e™® eV and
le™* eV/A, respectively, were used for these calculations. The host
band gap was evaluated using both Perdew—Burke—Ernzerhof (PBE)
functional and hybrid functional Heyd—Scuseria—Ernzerhof
(HSE).*** The Debye temperature (@p) was calculated using the
quasi-harmonic model.*®> The elastic tensor was calculated with an
electronic energy convergence criterion of 107% €V, and the elastic
moduli were then calculated using the Voigt—Reuss—Hill approx-
imation. The nonresonant Raman spectra is obtained from the density
functional perturbation theory (DFPT) calculations by the Quantum
Espresso package.’’ We use a local-density approximations with
norm-conserving pseudopotential.>> The kinetic energy cutoff for
wave functions was set at 120 Ry. The Monkhorst—Pack scheme with
2 X 2 X 4 mesh was used to sample k-points of the Brillouin zone.

For calculations of Eu”*-activated phosphors, we used the PBE + U
method with a Hubbard U value of 2.5 €V for Eu.>*** Supercell
models of 2 X 2 X 2 were adopted to simulate the low Eu
concentration in the experiment. The structures of these models were
fully relaxed with energies and forces converged to within 107 eV and
0.01 eV/A, respectively.

The initial candidates for the Sr—Al—Si—O—N chemistry were
generated by applying the data-mined ionic substitution algorithm on
the prototype structures in the 2017 version of ICSD.***® This
algorithm proposed a mathematically framework to evaluate the
substitution probability of one species for another one with the same
crystal structure.

Sample Preparation. The phosphor powders of
Sr,AlLL,Siy 04, N _:Eu®* (x = 0-1), Srz_},AlSizO(;N:yEuB (y =
0.002—0.06), and Sr,_,Ca,AlSi,O4N:Eu** (z = 0—2) were prepared
via a two-step synthesis method. Commercially available starting
materials, such as SrCO;, CaCO;, Eu,0;, Si;N,, SiO,, and Al,O;,
were mixed homogeneously according to the target chemical
compositions. The mixtures were loaded into the BN crucibles and
fired in a horizontal tube furnace at 1380 °C for 4 h under a N,—10%
H, atmosphere. The as-prepared powders were pulverized by hand
and subsequently fired in a gas pressure sintering furnace (Shimadzu,
Kyoto, Japan) at 1400 °C for 4 h under a nitrogen pressure of 0.9
MPa. Finally, the fired samples were finely ground for further
characterization.

Sample Characterizations. The crystal structure was determined
by the X-ray diffraction (XRD) patterns collected with a powder X-ray
diffractometer (D8 Advance, Bruker, Germany) with Cu Ka radiation
at 40 kV and 40 mA. The Rietveld refinement was carried out by the
General Structure Analysis System package within the EXPUGUI
interface.”” The photoluminescence (PL) spectra were measured with
a steady-state fluorescence spectrometer (FLS980, Edinburgh Instru-
ments Ltd., UK.) equipped with a 450 W Xe lamp. The PL decay
curves were collected using an FLS980 spectrometer with an nF920
nanosecond flashlamp. Pure hydrogen was used as the nF920 filler gas
to produce a broad spectral continuum as the excitation source. The
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excitation wavelength was selected as the relative maxima (310—330
nm) in excitation intensity for each sample. The quantum efficiency
was measured with an absolute PL quantum yield spectrometer
(Quantaurus-QY, Hamamatsu Photonics, Tokyo, Japan) under the
excitation of the relative maxima (310—330 nm) in excitation
intensity for each sample. The thermal quenching behavior was tested
using a steady-state fluorescence spectrometer (FLS980, Edinburgh
Instruments Ltd, UK.) equipped with a temperature controller
(Model 336, Lake Shore Cryotronics) in a range from 85 to 485 K
with a step of 50 K and a heating rate of 100 K/min. The excitation
wavelength was set at the relative maxima in excitation intensity for
each sample (310—330 nm). The solid-state *°Si and *’Al NMR
experiments were performed at room temperature on a NMR 400
MHz spectrometer (Bruker AVANCE III, Switzerland). A Bruker 4
mm H—X magic-angle spinning (MAS) probe head was used with a
MAS rate of 12 kHz. Raman spectra were performed using a solid-
state laser excitation (785 nm) with a source power of S0 mW and
resolution of 3 cm™ (model XploRA, Horiba J. Y., France). The
prototype warm white LEDs were fabricated using a Chip-on-Board
packaging solution by pumping the Sr,AlSi,O4N:Eu** white-emitting
phosphor using a high-power UV LED of 4 W (4, = 375—380 nm,
Shenzhen Chundaxin Photoelectric Co., Ltd., Shenzhen, China). The
optical properties of these white LEDs were recorded using an
autotemperatured LED otpo-electronic analyzer (ATA-500, Everfine
Co., Hangzhou, China). The white LED was driven under a bias
current from 100 to 350 mA.
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