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ABSTRACT: Highly efficient red phosphors with supe-
rior intrinsic properties that are excited by ultraviolet or
blue light-emitting diodes are important white light
sources for our daily life. Nitride-based phosphors, such
as Sr,SisNg:Eu** and CaAlSiN;:Eu**, are commonly more
red-shifted in photoluminescence and have better thermal/
chemical stability than oxides. Cation substitutions are
usually performed to optimize photoluminescence and
thermal quenching behavior. However, the underlying
mechanisms are unclear in most cases. Here we show that
neighboring-cation substitution systematically controls
temperature-dependent photoluminescence behavior in
CaAlSiN;:Eu** lattice. Trivalent cation substitution at the
Ca’ site degrades the photoluminescence in high-
temperature environments but achieves better thermal
stability when the substituted cation turns monovalent.
The neighboring-cation control of lifetime decay is also
observed. A remote control effect that guides Eu*
activators in selective Ca®" sites is proposed for
neighboring-cation substitution while the compositional
Si**/AP** ratio adjusts to the valence of M"" (n = 1-3)
cation. In the remote control effect, the Eu*" activators are
surrounded with nitride anions which neighbor with M**-
dominant and Si**/Al**-equivalent coordination when M
is trivalent, but shift to the site where surrounded nitride
anions neighbor with M*-dominant and Si-rich coordina-
tion when M is monovalent. This mechanism can
efficiently tune optical properties, especially thermal
stability, and could be general to luminescent materials,
which are sensitive to valence variation in local environ-
ments.

itridosilicate materials are widely used as red phosphors

for white light-emitting diodes (LEDs) because of their
high quantum efficiency and low thermal quenching behav-
ior.'”® Many studies have investigated synthetic approaches
and structural analysis for CaAlSiN; phosphor materials.'~"®
However, a cation substitution effect that systematically tunes
thermal quenching behavior by controlling the activator sites is
scarcely reported. The materials which are made by substituting
La**/AP* for Ca®/Si** and Li*/Si** for Ca®**/AP’* in
CaAlSiN;:Eu** lattice with a constant 0.5% Eu®* dopant at
the Ca®* site to create (Ca,_,La,)(Al,,,Si,_,)N;:Eu (La series)
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and (Ca,_,Li,)(Al,_,Si;,,)N;:Eu (Li series) solid solutions,

respectively, were prepared and characterized in this study.
Linear shifts in the lattice parameters in both series, which

are represented by increasing x, are plotted in Figure la.
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Figure 1. Structural results for La and Li series materials. (a) Relative
changes in the lattice parameters with x. (b—d) X-ray Rietveld
refinements for (b) CaAlSiN;:Eu, (c) (Ca,_,La,)(Al,,,Si;_,)N;:Eu,
and (d) (Ca,_,Li,)(Al,_,Si;,,)N3:Eu (x = 0.15).

However, each kind of lattice parameter in the two series
diverges with x, and the peaks of the synchrotron X-ray
diffraction patterns also shift to opposite directions, as shown in
Figure S1 (Supporting Information).

This result demonstrates that solid solutions are formed in
both materials. Figure 1b—d presents the X-ray Rietveld
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refinement results of the CaAlSiN;:Eu material (x = 0.00
sample), as well as those of the La and Li series at x = 0.15. The
local environments of the corresponding crystal structures are
shown in the insets of Figure 1b—d. The sum of the ionic radii
of the CaAlSiN; parent structure [['r(Ca®*) + Wr(Al*) +
[y(si*) = 1. 00 +0.39 + 0 26 =1 65 A] is smaller than that of
the La lattice [(/r(La**) + Wr(AP*) + Wr(AP*) = 1. 032 + 0.39
+ 0 39 =1 812 A] but larger than that of the Li lattice [[*/r(Li*)
Hysit) + [Me(si*) = 076 + 026 + 026 = 128 Al
Therefore, the lattice expansion with x in the La series materials
is attributed to the cation substitution of Ca**/Si* by La*"/
AI**. By contrast, a contraction in the Li series is observed in
the substitution of Ca**/AI** by Li*/Si*". The relative change in
the sum of the ionic radii in both series [(1.812 — 1.65)/(1.65
— 1.28) = 45.9%] is closely consistent with the relative change
in volume (Figure 1a shows that the % changes in the La and Li
series are +0.83 and —1.79, respectively, when x = 0.15; 0.83/
1.79 = 46.4%). This result indicates that the La*>*/AI** and Li*/
Si** pairs are introduced into the CaAISiNj lattice.
The photoluminescence excitation and emission spectra of
both series are shown in Figure 2. The maximum emission peak
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Figure 2. Photoluminescence excitation and emission spectra of (a)
(Cal—xLax) (AllwcSil—x)N}:Eu and (b) (Cal—xLix) (All—xSin)NS:Eu'
The photoluminescence spectra are obtained upon excitation by 460
nm light. The arrows present the energy shift for the emission spectra
of the La series and the relative intensity change for the Li series with
increasing x. The photoluminescence spectra of the Li series are
decomposed into two Gaussian peaks from different Eu** environ-
ments. Details of the two decomposed peaks are depicted in Figure S2.

in the La series is influenced by the lattice structure and shifts
to a shorter wavelength region with x. This energy shift in the
photoluminescence might be attributed to a decrease in the
crystal field splitting of Sd orbitals caused by lattice expansion.
However, an unexpected result is observed in the photo-
luminescence spectra of the Li series. The full width at half-
maximum of the emission peak progressively broadens with
increasing x rather than shifting to a longer wavelength region
despite the lattice contraction in the Li series. The emission
spectra of the Li series can therefore be fitted into two Gaussian
contributions as shown in Figure S2, suggesting that the
photoluminescence property is significantly correlated with the
local environment of activators.

The thermal stability is important in ensuring a high
efficiency of phosphor-converted devices.>'®™' Figures 3ab
show temperature-dependent photoluminescence spectra for
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Figure 3. Thermal quenching behavior of photoluminescence for (a)
(Cal—xLix)(All—xSi1+x)N3:Eu and (b) (Cal—xLax)(All+xSil—x)N3:Eu
samples. Temperature-dependent photoluminescence spectra are
shown in the right-hand side. These curves are fitted by I;/I; = [1
+ D exp(—E,/kT)]™", where I, (intensity at T = 0), D, and activation
energy E, are refined variables. (c) Plot of activation energies with
variable x for La and Li series.

both series. The thermal quenching behavior of photo-
luminescence is measured from ambient temperature to 573
K. The emission intensities (I;) of all samples decrease with
increasing environmental temperature, as demonstrated at the
right-hand side of Figure 3. The emission intensity of the
parent CaAlSiN;:Eu material (x = 0.00) decreases faster than
that in the Li series with increasing temperature, but much
slower than that in the La series. The overall trend of thermal
quenching behavior progressively improves across the overall
samples from the La series (x = 0.15 to 0.03) to the
intermediate x = 0.00 sample, and then to the Li series (x =
0.03 to 0.15). This result is unusual and illustrates an opposite
phenomenon against covalence balance among entire cations
and nitride anions, in which the CaSi®* and CaAI** cation pairs
are substituted by LaAl®* and LiSi** pairs, respectively, to
compensate the covalence change, as the quenching activation
barriers of both series samples should be consistent with
unsubstituted x = 0.00 sample. Both trends in the photo-
luminescence and thermal quenching behavior reflect that the
Eu®" activators are sensitive to the local sites, which are
connected with the nearest nitride anions and other cation
neighbors.

In order to examine virtually the interaction between a
doping element and the surrounding anion coordination, La L;-
edge extended X-ray absorption fine structure spectroscopy is
employed to analyze specific local bonding in this study. The
nearest bond distances of the La>* cations and the surrounding
N*" anions are shown in Figure S3. The average La—N
distances (d,_y = 2.18—2.27 A with composition variable x) of
the La series materials are shorter than the average Ca—N bond
distance (dc,_y = 2.51 A, calculated from the X-ray Rietveld
refinement) of the CaAlSiN;y:Eu sample. This condition is
caused by the larger valence of La®* cation than the Ca’* cation.
Thus, the nitride anion connecting with a La*" cation would
introduce more covalence than with a Ca®* cation, suggesting
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that the binding strength of La—N is stronger than that of Ca—
N. Conversely, the binding strength of Li—N is theoretically
weaker than that of Ca—N because of a relatively weak covalent
interaction between the Li* cation and the nitride anion. Hence,
a possible mechanism in which the accommodation of the Eu**
activator is controlled by covalent variable neighboring cations
is proposed to elucidate the variations in the photo-
luminescence and quenching behavior in both series as follows.

The central Ca** cation is surrounded by coordinated
nitrides that also have other branches connecting with
neighboring cations, e.g, Si*, AP, and outer Ca*" cations.
The central Ca®* cation is substituted by a La*" cation with
increasing x, LaAl®* pair, in the La series, while the neighboring
Si*" cation at the second shell is substituted by AI*". In the Li
series, the central Ca** cation is substituted by a Li* cation with
x, LiSi®* pair, while the neighboring AI** cation at the second
shell is substituted by Si*'. Systematical models for neighbor-
ing-cation substitutions are shown in Figure 4. Therefore, this
model controls the accommodation of Eu*" activators in both
series, as presented in Figure 4b,c.
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Figure 4. Local structural coordination of (a) CaAlSiNj, (b) La, and
(c) Li series lattices. The remote-controlled mechanism for Eu®*
activators at selected Ca** sites is proposed for neighboring-cation

substitutions. The dashed line represents the longer and looser bond.
The broad solid line represents the shorter and tenser bond.

The covalence of La—N and Li—N competes with the
bonding of the nitride anions to other neighboring cations. In
the La series, La—N is more covalent than the outer Ca—N
when the LaAl® pair is introduced, reflecting a tenser and
shorter La—N than the original unsubstituted Ca—N of the x =
0.00 sample, but essentially gaining a longer and looser outer
Ca—N. With the introduction of the La*" cation at the central
site, the AI** cation simultaneously substitutes in the Si** site,
which results in an emergence of two different outer Ca*" sites.
These two covalence-dependent Ca®* sites are attributed to two
different nitrides’ coordination linking with the AIAI®* or AlSi’*
pair. The AP’ cation substitution for the Si** site would also
lead to a longer and looser AI-N compared with the original
unsubstituted Si—N of the x = 0.00 sample. The degree of
valence in the bonding of the nitride, connecting with La*" and
two AIP* cations, to the outer Ca®" cation is compensated, as
well as the Ca—N of the x = 0.00 sample. The bonding of the
other nitride, connecting with the La** cation and AlSi’* pair, to
the outer Ca®" cation is relatively longer. As Eu*" activator is
introduced, it would preferably be accommodated at the looser
Ca®" site to minimize the lattice strain because the Eu** cation

(®'(Eu?*) = 1.17 A) is larger than the Ca?* cation (1*)(Ca?*) =
1.00 A)."” Therefore, the selective accommodation for the Eu*
activator in the La series is determined by the bonding of the
nitride connecting to the La*" cation and the AISi"* pair,
thereby providing a weak covalent coordination environment
for the Eu** activator.

A reverse argument applies to predict the Eu®* activator
accommodation in the Li series. Here Li—N is looser and the
outer Ca—N is tenser, but the degree of covalence in one kind
of outer Ca—N is compensated, as well as the original Ca—N.
Therefore, the Eu?* activator is controlled to locate at the
relatively loose outer Ca®" site, which is connected to the
nitride with Li* cation and SiSi®* pair branches—namely, the
Si-rich site.

The proposed model for both photoluminescence and
quenching properties is observed, and the mechanism of local
environmental variation is evidenced below. The Eu** activators
in both series accommodate at the relatively loose site (the
lattice stain is minimized for different atomic sizes). Thus, the
photoluminescence in the La series is expected to blue shift
because the Eu** accommodations progressively decrease in the
covalent character and crystal field strength with x. By contrast,
the surrounding nitrides of Eu** activators in the Li series
connect with excess Si*" neighbors, which give rise to a smaller
centroid shift than that with Si*"/AI**-equivalent neighbors for
Eu®* activators.”” This result creates the other high-energy
emission as fitted in Fiﬁure S§2, in agreement with that found in
the previous literature.* Detailed Si*" environmental analysis is
performed via solid-state NMR spectroscopy as shown in
Figures S4 and SS. The result demonstrates that the Si*"/AI**
ratio is tuned through the substitution process.

Excited electrons of activator in a high-temperature environ-
ment easily cross the activation barrier and release energy by a
quenching process when the binding of the activator to the
coordinated anions is weak (essentially a condition of facile
vibrational energy transfer in soft structure). In this study, the
thermal stability of La series materials worsens because the
covalence of Eu—N herein decreases as x increases, which
results in a low activation barrier and significant thermal
quenching. The thermal quenching rate of the Li series should
be theoretically similar to that of the x = 0.00 sample because
the Eu®" activator accommodation is nearly consistent with the
original Ca’" site, as previously demonstrated. However, a
surprising phenomenon is observed, in which the quenching
behavior practically improves, suggesting that the binding
strength of Eu—N is slightly stronger and tighter when LiSi**
substitutions are introduced. A quantitative calculation is
roughly estimated as follows: the Eu’' activators are
coordinated with nitride anions linking with Li* and two Si*"
(original and substituted Si*") cations, where a covalence
competition occurs between the Li* and the substituted Si*"
cations for the nitride electron cloud. The Li*—N*~ bonding is
50% looser compared with the original Ca>*—N*" bonding
[(Qui = Qcy)/Qca = [(1+) = (2+)]/(2+) = —50% change], but
the Si*'—N*" bonding is 33% tenser compared with the AP**—
N*" bonding [(Qs—Qu)/Qu = [(4+) — (3+)]/(3+) = 33%
change]. Hence, a complementary result gives rise to a slightly
tighter Eu—N in the Li series than that in the parent
CaAlSiN;:Eu material, leading to a higher quenching activation
barrier. On the other hand, the reverse result is obtained in the
La series, as previously mentioned. The valence change in the
neighboring-cation substitutions for entire lattices is balanced,
but a local covalence-driven influence for Eu®" activators drives
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a systematic change in the quenching behavior for the La series,
x = 0.00, and Li series materials.

The above covalence-driven influence also accounts for the
remote-controlled Eu** activators of decay profiles as shown in
Figure 5. The binding strength between activator and
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Figure 5. Luminescence of decay profiles for (a) (Ca,_La,)-
(Al,,,Si;_,)N3:Eu and (b) (Ca,_,Li,)(Al;_,Si;,,)N;:Eu. All materials
are excited at a wavelength of 460 nm at ambient temperature. The
insets show plots of the fitted lifetimes (7) against x for both series.

coordinated nitride anions also influences the photolumines-
cence lifetime through nonradiative relaxation, such as
multiphonon decay or energy transfer from activators to the
other neighbors.”® The lifetime slightly increases in the Li series
with x, but rapidly decreases in the La series. This trend
coincides with the thermal quenching behavior. This remote
control effect demonstrates the site selectivity for activators in
the photoluminescence and also controls the nonradiative
processes such as thermal quenching and photoluminescence
decay behaviors.

In summary, the remote control effect for activators disclosed
from CaAlSiN; material could be used to tune photo-
luminescence, thermal quenching, and lifetime decay properties
in related neighboring-cation-substituted phosphors. This effect
may help reveal the underlying mechanisms in optical changes
by adjusting the cation/anion composition of phosphors. In
addition, the cation substitution influence would be expected to
be general not only to luminescent materials but to other
functional materials, which are sensitive to valence change at
specific sites. For instance, cation substitution-driven valence
variation might be crucial to AA’;B,O;, perovskite-type solid
solutions in A-site-ordered Na*Mn?33*,V*,0,,—
Ca**Mn**,V*,0,,—La*Mn**,;V373*,0,, and A’-B intersite
charge transfer La’*Cu’**,Fe*”**,0,,—Bi**Cu’*;Fe’*,0,, mag-
netic ceramics.****
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