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The covalent character of (oxy)nitrides has enabled tuning of emission color for new Eu?*- and Ce®*-
doped phosphors and widespread implementation in white light LEDs. Mn2+-doped (oxy)nitrides form a
relatively unexplored class of luminescent materials with great potential as orange to near infrared (NIR)
phosphor in white light and NIR LEDs. Here we report deep red broad band emission around 700 nm
for Mn?* in Ca-a-SiAION. The emission shows a complex and gradual temperature quenching behavior
and an unexpectedly large blue shift of the band maximum from 740 nm at 75 K to 670 nm at 475 K.
This peculiar luminescence behavior is explained by disorder in the local (N,O); polyhedral coordination
of the Mn?* ions resulting in a variation in emission maximum and quenching temperature for differently
coordinated Mn2* ions. Interestingly, the present results deviate from previous reports on narrow band
orange emission from Mn?* in Ca-a-SIAION. Careful analysis reveals that the orange emission likely
originates from an AIN:Mn?* impurity phase. Sensitization of the Mn®* emission by strongly absorbing
Eu?*, Yb?* and Ce>* ions was observed but with low efficiency as energy transfer to Mn?* via exchange
interaction is ineffective for the relatively large (>5 A) nearest neighbor separation in Ca-o-SIAION. The
new insights on Mn®* emission show that for efficient orange/red emission in (oxy)nitrides, a tetrahedral
coordination is required for Mn?* while deep red/NIR emission can be expected for higher coordination
numbers but is prone to thermal quenching. Sensitization of the Mn2* emission is efficient only for
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A Introduction

Nitride and oxynitride compounds have emerged as efficient hosts
for phosphor applications, and are widely commercialized.
Although their synthesis is non-trivial and requires special proces-
sing conditions, they have the ability to achieve superior structural
rigidity and their higher bond covalency offers unique optical
properties that are difficult to achieve in oxides and other
traditional hosts. This has primarily been exploited to achieve
efficient red emitting phosphors, such as (Ca,Sr)AISiN;:Eu”*
(CASN:Eu*" or CSASN:Eu®"),>* (Sr,Ba),SisNg:Eu®*,»* SrLiAl;N,:Eu”*
(SLA:Eu*),® St[Li,ALO,N,J:Eu** (SALON:Eu>"),” etc. The dopant
ions surrounded by a nitrogen-rich covalent anionic coordination
exerts a large nephelauxetic shift, which together with strong
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exchange interaction and requires short (<5 A) nearest neighbor separation.

crystal field and rigid lattice network allow longer wavelength
and relatively narrow-band emission with superior thermal
stability.

In view of the recent search for narrow-band emitting
phosphors for wider color gamut displays and higher efficacy
(lumen/watt) lighting, nitride and oxynitride based phosphors
attracted special attention. Hoerder et al., have demonstrated
record narrow-bandwidth for Eu®>* red emission in SALON with
full width at half maximum (FWHM) of about 48 nm.”
In addition to Eu®', also Mn** ions are promising activator
ions to achieve narrow band emission. AIN:Mn>" reveals crisp
orange photoluminescence (PL) with a FWHM of about
43 nm.* ' Mn** even offers great spectral tunability depending
on crystal field strength (d’-configuration), coordination symmetry
and bond covalency. In tetrahedral coordination, such as in AION,
Mn*" exhibits green “T; — °A; emission (Apeqc 515 nm, FWHM:
32-44 nm),"" whereas orange-red emission is achieved in AIN
(Zpea: 600 nm, FWHM: 43 nm)" and ZnGeN, (Apea 610 nm,
FWHM: 49-54 nm) because of reduced splitting between free ion
states by a stronger nephelauxetic effect."" In octahedral or
similar stronger crystal field coordination the “T; — °A; energy
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gap decreases and this shifts Mn>* emission further into the red to
near-infrared (NIR) region and also its spectral shape relatively
broadens (FWHM > 60 nm)."*™® In CASN: Mn**, two emissions
bands (Zpeax: 548 nm, 627 nm) were reported and attributed to
Mn”* ions occupying pentahedral Ca site and tetrahedral Al site
respectively, with a combined FWHM of 100 nm."® For a similar
compound, MgAISiN;:Mn>" an even broader emission in deep-red
to NIR region (Apea: 754 nm, FWHM: 150 nm) was observed
arising from Mn®" ions at the pentahedral Mg site [MgN;]."®

Recently in few studies, Mn*>* doped Ca-0-SiAlON was
reported to exhibit orange emission with a relatively narrow
bandwidth (/pea: 600 nm, FWHM about 45 nm).'”~** However,
when codoped with sensitizer ions, such as Eu**, no sensitized
Mn”* orange emission was observed.*’ Ca-a-SiAlON:Eu** exhibits
bright yellow d-f emission. On Mn*" codoping, the Eu®*
emission exhibited a steady decrease revealing energy transfer
related quenching, but the absence of sensitized Mn>* emission
was striking.'®?° Moreover, it is anticipated that the Mn** ions
occupy the seven coordinated Ca®" polyhedral sites in Ca-o-
SiAlON, which would lead a rather broader Mn?" emission
spectral shape.”® The reported narrow band emission would
require Mn”" ions to occupy tetrahedral sites, such as Al or Si,
which are fairly small in Ca-a-SiAlION and thus are less likely to
incorporate Mn>" dopants.

Ca-o-SiAlON is a solid-solution of Ca, Si, Al, O and N and is
iso-structural to a-SizN, (Fig. 1).*! Amongst several polymorphs
of SizNy, o and B structural phases based SiAION compositions,
when activated using appropriate dopants exhibit excellent
phosphor properties.*>>* The structures in both phases consist
of a three-dimensional network of interconnected tetrahedral
[SiN,] units, but primarily differ in their stacking orientation
along c-axis. The o phase exhibits ABCD-type stacking over
ABAB-type stacking in B phase. This leads to a continuous set
of channels along c-direction in f phase, but in o phase, these
channels are blocked and instead form voids. Unlike the pure
substitutional composition in the B phase (Sis_,Al,O,Ng ,,
where z = 0-4.2), the o phase offers two interstitial sites (voids)
of crystallographically identical nature per unit cell. These sites

E

[Ca(N/O).]

A,

[SIN,]

Ca a-SiAION

Fig.1 Crystal structure of a«-SisNg and Ca-a-SIAION along c-axis.
The brown, blue and gray spheres represent Ca, Si/Al, and N/O ions,
respectively. The coordination polyhedron of Ca and Si tetrahedron are
presented in right side.
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can be occupied by a charge-stabilizing cation, Me (Fig. 1) and
give rise to chemical compositions Me,Si1s_(n1m)ALy1nOnN16—n-
In o-SiAlON, m + n (Si-N) bonds are replaced by m (Al-N) and
n (Al-O) bonds, and the charge difference is compensated
by incorporation of Me cations. Here, Me can be Li, Mg, Ca,
Sr, Y or Ln ions and x = m/v, where v is charge on Me cation.*
The Me cations occupy interstitial sites available in lattice
structure and are coordinated with seven anions (N,0) with
three different Me-(N,0) distances.

The Me-0-SiAION compounds show high solubility for sev-
eral dopant ions, such as Eu*", Ce*", Pr’*, sm**, Tb*", Dy*",
Yb**, etc.>*™*° Previous studies suggested Me = Ca and m ~ 2
exhibits superior phosphor properties.>**® Among several
dopant ions, Eu**, Ce®* and Yb*' exhibit intense f-d type
allowed transitions and have extensively been investigated as
LED phosphors.>**® As mentioned earlier,"””™° a few studies
have reported Mn>"-doped Ca-o-SiAlON, however the spectro-
scopic observations contradict structural considerations,
particularly the narrow-band emission profile, and therefore
demand further careful investigation. In present work, we
studied Mn>* doping in Ca-o-SiAlON and investigated its photo-
luminescence properties in detail. Accordingly, Mn>**-doped
Ca-uo-SiAION shows broad deep-red luminescence, in line with
Mn*" substitution at Ca** polyhedral site. The previous reports
of narrow-band orange Mn”* PL is explained by trace amounts
of AIN:Mn impurities. Moreover, we investigate sensitization of
the Mn>" emission in Ca-a-SiAlON. Sensitization is observed
but the wide dopant site separation (>5A) makes sensitization
of Mn?" ions inefficient with sensitizer ions such as Eu**, Ce**
or Yb*",

B Materials and methods
Synthesis

All samples investigated in the present work were obtained by
the solid-state reaction method. High purity reagent grade
chemicals of Si;N, (SN-E10 grade, Ube Chemicals, Japan), AIN
(99.9%, Sigma-Aldrich, Germany), CaCO;z; (99.9%, Merck),
BaCO; (99.9%, Merck), MnCO; (99.9%, Sigma-Aldrich,
Germany), MnF, (99.99%, Sigma-Aldrich, Germany), EuF;
(99.99%, Highway Chemicals, NL), YbF; (99.99%, Highway
Chemicals, NL) and CeF; (99.99%, Highway Chemicals, NL)
were used. The precursor chemicals were weighed in a
stoichiometric ratio and mixed thoroughly using agate mortar-
pestle. Acetone was used as dispersant during mixing. In doped
samples, the respective dopant ions were incorporated by
substituting equivalent metal ions (Ca®>") contents in atomic
% (at%), ie. Ca;_, ,SipAl;ON;5:xMn,y(Eu/Yb/Ce), where x =
0-15 at% and y = 0, 0.5 at%. The well-mixed powder batches
were transferred into covered BN crucibles and fired at
high temperature under 10% H,-90% N, gas-flow reducing
atmosphere. The sintering temperature for Ca-o-SiAION was set
at 1650 °C for 5 hours dwell time, unless specified otherwise in
the text. The ramp rate was 200 K hour '. To compare, Mn>*
doped BaSi;Al;O,N5 (5 at% Mn) and AIN (1 at% Mn) samples

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were also obtained using same synthesis conditions (1650 °C for
5 hours dwell time). The sintered powders were then mildly
crushed to fine powders using agate mortar-pestle and used for
experimental analysis. The Ca-a-SiAlON samples are identified
using dopant contents throughout the manuscript and other
samples are detailed according to their composition, sintering
temperature and doping contents, wherever necessary in
the text.

Experimental methods

The obtained samples were analyzed using powder X-ray
diffraction (PXRD) method for phase identification and purity.
A Bruker D2 PHASER X-ray diffractometer with Co target (ix, =
1.78897 A) was used at 30 kV operating voltage and 10 mA
current. The step size resolution was 0.01 A. Another X-ray
diffractometer with Cu target (x, = 1.5401 A) from Philips was
also used at 40 kV operating voltage and 20 mA current.
Photoluminescence (PL) spectroscopy was performed using
an Edinburgh Instruments FLS-920 fluorescence spectrometer.
The PL and PL excitation (PLE) measurements were recorded
using a 450 W Xe lamp as excitation source and a Hamamatsu
R928 photomultiplier tube (PMT) detector and a liquid
nitrogen cooled NIR detector. The spectral resolution was
maintained at 0.5 nm in UV-visible range and 1 nm in
near-infrared range for both PL and PLE measurements.
For PL decay measurement, a picosecond pulsed laser diode
(Edinburgh Instruments EPL 375, peak wavelength: 376.5 nm,
pulse width: 65 picoseconds) was used as excitation source and
the signals were recorded using Hamamatsu H74220-60 fast
response PMT. The decay curves were recorded using single
photon counting method with 4000 channels resolution.
For normal full range (10 us) decay curve, each channel
provides 2.4 ns resolution. For higher resolution (HR) decay
measurements, the channel width was reduced to 0.048 ns.
Mn*" PL decay measurement was performed by using a tunable
optical paramagnetic oscillator (OPO) Opotek Opolette HE
35511 pulsed laser (pulse width: 10 ns; repetition rate: 10 Hz)
as excitation source, and the emission was recorded by a liquid
nitrogen cooled NIR detector. For cryogenic (4.2 K) measurements,
the samples were cooled down using an Oxford Instruments liquid
He flow cryostat. For temperature dependence study, liquid He
flow cryostat was employed in the 4.2-500 K temperature range,
whereas a temperature-controlled stage from Linkam Scientific
(THMS600) was used for the 300-600 K temperature range.
For data analysis and plotting, Origin Lab (9.1 version) software
was used. All curve fittings were performed using orthogonal
distance regression algorithms. The crystal structure and radial
ionic distribution analysis was carried out using the VESTA
(3.4.4 version) software.

C Results and discussion

The powder X-ray diffraction (PXRD) patterns of undoped
and Mn”" (10 at%) doped Ca-a-SiAION powders are presented
in Fig. 2a. The diffraction patterns of all samples reveal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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single-phase trigonal a-Siz;N, type crystal structure with P31c
space group.”’ No detectable impurity phases could be
observed. In the undoped sample, the pattern reflects the
Ca-u-SiAlON structure corresponding to CaSigAl;ON; 5 composition
with cell parameters of a = 7.850 A and ¢ = 5.717 A.*® On Mn*
doping, the peak position and shape profile shows significant
differences when doped using MnCO; (oxide) precursor, whereas,
the MnF, (fluoride) precursor doping did not reveal noticeable
changes compared to the undoped sample. In oxide precursor
doped samples, the diffraction peaks are broader and shift towards
higher diffraction angle compared to the undoped Ca-o-SiAlON.
The peak shift suggests a lattice contraction, which is expected
considering the substitution of larger sized Ca*" ions by smaller
Mn** dopant ions.?® The peak broadening typically indicates a
reduced particle size, causing a broader distribution of lattice
plane distances.

Contrarily, the diffraction pattern of the fluoride precursor
doped sample did not reveal a peak shift compared to
the undoped Ca-o-SiAlON and the peak broadening is also
insignificant. This suggests that the fluoride content affects
structural properties. Normally in high temperature solid-state
reaction synthesis, fluoride-based contents act as flux to aid
and accelerate the sintering reaction, and are often intentionally
incorporated.®**> The PXRD results indeed suggest a better
crystallinity in MnF,-doped sample over the MnCOj-based
sample. It is also believed that the lack of oxygen during firing
stage forces fluorine to play an anionic role in the lattice
structure. Each oxygen vacancy requires two fluorine anions for
charge compensation. The presence of large voids in o-SiAION
structure, where only half of them are occupied with Ca sites in
studied composition, indicates that the charge compensating
anionic impurities, such as excess fluorine anions, can easily be
accommodated at interstitial position. The presence of excess
ions (fluorine anions) may thus counter the contraction effect
due to Mn*" substitution with Ca**. This may explain the
peculiar observation of diffraction pattern of MnF, doped
Ca-0-SiAION. However, a proper reasoning requires more
detailed structural studies, and is out of the scope of present
investigation.

Fig. 2b presents the PL-PLE properties of undoped and
Mn?**-doped Ca-0-SiAlON powders. An intense, broad deep-red
PL is observed in Mn**-doped samples under Mn”**-ligand
charge transfer (255 nm) excitation. The PL peak position is
situated at around 697 nm with a full width at half-maximum
(FWHM) of about 200 nm (~480 meV). The emission is
assigned to the “T; — °A, transition based on the d®> Tanabe-
Sugano diagram. Note that, based on the deviation of the local
coordination from octahedral symmetry, the T, state will be
split but it is customary to describe the Mn>* emission with the
irreducible representation labels for octahedral symmetry even
when the actual site symmetry is lower. The Mn>" PL shape
profile is independent of the doping precursor type (MnCO; or
MnF,) suggesting that the Mn>" local coordination remains
unaffected (ESI, Fig. S1). It is noticed that the Mn®" PL
intensity is slightly higher in fluoride precursor doped sample.
This difference becomes more pronounced for excitations in
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Fig. 2 PXRD patterns of undoped and Mn?*

(10 at%) doped Ca-a-SiAION obtained using oxide and fluoride doping precursors (a); respective PL—PLE

spectra (b); the photographic images (powders filled in quartz disks) under day-light and UV-light (254 nm Hg vapor lamp) exposure (c); and the Mn?* PL

decay curves (d). The reference XRD pattern in (a) was calculated for Ca-u-SiAION structure (ix, = 1.78897 A). In

(b), the excitation wavelength was

255 nm for PL measurements and the emission was monitored at 695 nm to record the PLE spectra. The insets present enlarged view (10 times) of

PL—PLE curves in 300-600 nm range.

the d-d absorption bands (4 > 325 nm). This is clearly visible
from the enlarged view of PLE spectra (insets, Fig. 2b), where
the d-d excitation bands are more pronounced in MnF,
doped sample than for the MnCO; doped sample. The results
indicate that the fluoride precursor is more effective in Mn>*
incorporation in the Ca-a-SiAlON lattice and also improves the
PL properties. In line with the PL, the PLE shape of d-d
transitions in both fluoride and oxide doping precursor sam-
ples are similar (ESI,i Fig. S2). The PLE spectrum shows weak
(spin- and parity forbidden) broad band excitation between
450 and 600 nm corresponding to ®°A; — *Ty,"T, transitions and
a weak sharp excitation line due to the °A, — %A.,"E transition
around 445 nm. Note that the wavelength of the sharp °A; —
*A1,’E excitation line is at longer wavelength than typically
observed (~410-425 nm) for Mn”" in oxides because of the
stronger nephelauxetic effect. A weak UV-blue PL is also
observed and attributed to the host Ca-0-SiAION as it is also
present in undoped sample. The intensity of this host emission
is weaker in Mn>*-doped samples.

The photographic images of undoped and Mn**-doped
Ca-0-SiAION powders under daylight and under UV-light
(254 nm) are presented in Fig. 2c. All three samples exhibit a
clear white body color. The spin-and-parity forbidden d-d
transitions in Mn>" are too weak to cause visible coloration
even at 10 at% doping concentration. Under UV-irradiation, the
Mn**-doped samples exhibit bright red colored glow, whereas
the undoped Ca-o-SiAlION powder exhibits a faint violet-gray
appearance (the blue-colored tint at peripheral border is
originating from quartz disks used to hold the powders).
Fig. 2d presents the Mn”>* PL decay curves in oxide and fluoride
precursor doped Ca-o-SiAION. The decay curves in both
samples show similar relaxation kinetics, which further
supports the earlier claim that the Mn>* local coordination in
Ca-o-SiAION doped with either MnCO; or MnF, is similar.

2078 | Mater. Adv, 2021, 2, 2075-2084

The overall results in Fig. 2 suggest that the Mn>" doping in
Ca-0-SiAlON is more effective using fluoride (MnF,) doping
precursor, and therefore for further investigations, we only
used fluorides as doping precursors. To study the effect of
doping concentration on PL properties, Ca-a-SiAION doped
with 1-15 at% Mn>" contents were prepared. Phase purity of
prepared samples was confirmed using PXRD measurements
(ESL¥ Fig. S3). Fig. 3a presents the Mn** PL in Ca-0-SiAlON as a
function of doping concentrations. The PL intensity shows a
steep increase from 1 at% to 5 at% doping, but then decreases
slowly for further increase in doping concentrations. From PLE
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Fig. 3 Concentration dependent PL (a); PL spectra in normalized
scale (b); PL decay curves (c); and the plot of integrated PL intensity
and luminescence decay times vs. concentration in Mn?* activated
Ca-a-SiAlON (d). In (a), (b) and (c), the line colors as indexed in (b) identify
respective concentrations.
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spectra, the optimum Mn>" concentration is found to be 5 at%
under charge transfer excitation (<300 nm), whereas it is
10 at% under d-d transitions excitation (ESL} Fig. S4).
The normalized PL spectra are presented in Fig. 3b. The PL
exhibits small redshift with increase in Mn®" concentration.
A concentration dependent PL redshift is often obvious and
similar observations have also been reported in Eu** (or Ce*")
doped Ca-0-SiAlON.>*** It may arise from energy transfer
among optically active ions or due to subtle differences in
crystal field by progressive substitution of host cations with
dopant ions, or both.

The Mn”" PL decay curves for different doping concentration
is presented in Fig. 3c. All decay curves reveal non-exponential
decay kinetics and exhibit faster relaxation with increase in
concentration. The average decay lifetime (LT) was derived
from the decay curve fitting using multi-exponential function
(ESL T Fig. S5). The slow decay component in least doped
sample (Mn** concentration 1 at%) indicates that the radiative
LT is about 2-2.5 ms for Mn>" PL in Ca-0-SiAlON. This value is
reasonable when compared to oxide (>5 ms to several tens of
ms) and nitride (a few ms) hosts.®'®** Typically, selection rules
become more relaxed as covalency increases as it leads to
increased mixing of electronic states. This explains the trend
towards shorter Mn”* PL life times from fluorides to oxides to
nitrides. Fig. 3d presents a plot of integrated PL intensity and
LT with doping concentration. The PL intensity first increases
till a 5 at% doping level and then decreases for a further
increase in doping contents under 255 nm excitation. The LT
exhibits a steady decrease with increase in concentration. It is
interesting to note that both PL and LT slowly decrease with
concentration, indicating that the Mn-Mn interactions are
rather weak in Ca-o-SiAION and prevent strong concentration
quenching.

Fig. 4a presents the temperature dependence of Mn>" PL in
Ca-0-SiAlION under charge transfer (275 nm) excitation. It
shows that the PL intensity steadily decreases above 25 K,
and the shape profile slightly broadens with increase in
temperature. A careful analysis of PL peak shift reveals that it
exhibits an initial redshift till ~50 K and then continuously
blueshifts for further increase in temperature. The normalized
PL spectra show the PL shift and broadening effect more clearly
(Fig. 4b). Accordingly, the PL peak exhibits a whopping 70 nm
shift (740 nm to 670 nm) for temperature increase from 75 K to
475 K. Comparatively, the broadening effects appear small,
i.e. FWHM is about 185 nm (~420 meV) at 4.2 K, 197 nm
(~480 meV) at 300 K, and is about 198 nm (~510 meV) at
475 K. The PL broadening with temperature primarily occurs
due to increased vibronic (Stokes and anti-Stokes emissions)
transitions originating from thermal population of higher
vibrational levels.*>*® The vibronic effect can clearly be seen
from the increased intensity of higher energy side emission in
PL spectra (Fig. 4a) despite the overall PL quenching with
increase in temperature. The relative contribution of vibronic
transitions together with crystal field variations (lattice expansion/
contraction) with temperature and other temperature-induced
effects, such as lower PL quenching temperatures for Mn>'

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temperature dependent PL of Mn?* (10 at%) doped Ca-o-SIiAION
under 275 nm excitation (a); PL in normalized scale (b); PL decay curves (c);
and the plot of integrated PL intensity (under 275 nm and 443 nm
excitations) and the PL decay time with temperature (d). In (a), (b) and
(c), the line colors are as indexed in (a). In (d), the integrated PL values were
derived from 535-800 nm spectral range.

emitting at longer wavelengths, determine the PL peak shift.
The lower quenching temperature of deep red/NIR emitting
Mn”* centers can explain the unusually large blue shift between
75 and 475 K and will be discussed below.

Interestingly, even at 4.2 K, in the PL spectra no vibronic fine
structure is observed, suggesting a larger Huang-Rhys factor
for Mn>* PL in Ca-o-SiAlON (ESI,t Fig. S6).*” This is also in
agreement with the large Stokes shift observed in luminescence
spectra for Ca-a-SiAlON activated with Eu** and other ions.>®
This has been attributed to the size mismatch of dopant ions
with the site occupied in the a-SiAION lattice structure, which
allows extended configurational changes during excitation—
relaxation dynamics in dopants’ electronic structure.*®

The large Stokes shift also reflects a low energy threshold for
configuration crossover between excited and ground states,
thus allowing thermally activated PL quenching at relatively
lower temperature.®*™**> Fig. 4d presents the temperature
dependence of integrated PL intensities under charge transfer
(275 nm) and d-d excitation (443 nm), as well as the PL decay
times. The plot shows that the PL exhibits a monotonous
decrease above 25 K. Under charge transfer excitation, the
T50% of PL intensity occurs at ~350 K, but still the PL does
not completely quench even till 475 K. A typical thermal
quenching behavior exhibits a sharp decrease in PL (or decay time)
above the threshold quenching temperature.®*™** In present
case, the PL decrease is continuous. This observation suggests
that there is a range of dopant sites exhibiting different
quenching temperatures. To substantiate this, the temperature
dependence of PL intensity under d-d excitation (443 nm) and
of the PL decay curves were recorded. The PL under 443 nm
excitation shows similar gradual decrease with increase in
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temperature, but the decrease is relatively faster with T50%
occurring at 280 K (Fig. 4d). Additionally, the peak shift
under 443 nm excitation is larger compared to charge transfer
excitation (ESI,t Fig. S7). Fig. 4c presents the temperature
dependence of PL decay curves under 443 nm excitation. The
decay curve at low temperature (4.2 K) does not show perfect
single exponential decay kinetics, but instead is composed
of multi-exponential decay components. With increase in
temperature, the non-exponential nature becomes more
prominent and exhibits faster relaxation kinetics, characteristic
of temperature induced PL quenching. The emission LT
derived using multi-exponential fits to decay curves is plotted
in Fig. 4d. The LT also exhibits a decrease with temperature,
but the decrease is slower and T50% occurs at 500 K. Overall,
the onset of thermal quenching of the Mn*" emission well
below room temperature makes this material not suitable for
commercial application in LEDs.

Ideally, thermal quenching affects the PL intensity and
emission LT in the same manner for a specific quenching
mechanism.*>*"*?> The present observations of excitation
wavelength dependent PL quenching and differences in
quenching temperature of PL and emission LT suggest a
complex quenching behavior. The complex behavior can be
explained by the presence of disorder giving rise to Mn®" ions
with differences in local coordination affecting both the emis-
sion wavelength and quenching temperature.** The [Ca(N,0),]
polyhedron in Ca-u-SiAION possesses three different metal-
anion distances.*® The mixed anionic coordination of o-SiAlON
and the size difference of dopant ions with Ca ions, can give rise
to variations in the local Mn** coordination and thus crystal field
variations among different Mn** ions occupied in polyhedral
sites. This also can explain the monotonous PL quenching above
25 K accompanied with PL blue shift as the longer wavelength
Mn”* PL emission has a smaller activation energy for thermal
quenching and is quenched at lower temperatures. This is
consistent with the configuration coordinate diagram crossover
model showing lower activation energy for red-shifted emission
transitions (ESL Fig. $8).>**° Accordingly, the PL spectrum at low
temperature consists of multiple Mn*>* emissions arising from
several [Mn(N,0),] sites with differences in (N,0) coordination.
Upon increasing the temperature, the low energy (long
wavelength) emission contributions in PL spectrum system-
atically decrease. The near exponential decay curve profile at
4.2 K suggests that the crystal field variations are small and that
the PL is efficient at 4.2 K. As temperature rises, the quenching
of lower activation energy emission induces a progressive
nonlinearity in decay curves (Fig. 4c). The presence of multiple
Mn>" emissions arising from several different sites also gives
rise to a broader Mn”* PL profile even at 4.2 K. The temperature
induced quenching of longer wavelength emissions explains
the observed limited thermal broadening in overall PL profile
(Fig. 4b) and the significant blue shift of the emission band
maximum. To confirm the presence of multiple sites, PLE
spectra were recorded at 4.2 K monitoring different emission
regions (ESI,T Fig. S9). The PLE spectra revealed small changes
as a function of monitoring wavelengths, specifically for the
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sharp excitation bands at around 440 nm. Nevertheless, the
overlap in the broad Mn”" emission bands makes it difficult to
individually isolate each component and do true site selective
spectroscopy.

The results and analysis presented above clearly indicate
that the Mn”* ions in Ca-a-SiAlION occupy the [Ca(N,0),] poly-
hedral site with disorder in the (N,O) coordination leading to
crystal field variations explaining the broad deep-red PL and
complex temperature behavior. Surprisingly, in previous
studies on Mn>" activated Ca-a-SiAlION, many reports proposed
narrow-band orange Mn>" emission centered at around
600 nm."””" As our results showed completely different
observations, we were intrigued by the literature reports and
therefore carefully investigated the cause for the reported
orange Mn>* PL in Ca-0-SiAlON. We have also experienced
presence of similar orange PL in several oxynitride/nitride
compositions singly doped with Mn>' ions, specifically in
Al-based compositions. Careful inspection reveals that the peak
position and the relatively narrow band profile of these orange
emissions show close similarity to that of the Mn>* emission of
AIN:Mn. In AIN, Mn?' ions have tetrahedral coordination,
which together with high Mn--N covalency related shift
(Nephelauxetic effect), leads narrow-band orange PL at around
600 nm.*® Interestingly, the previous reports on Ca-a-SiAlION:Mn>*
clearly showed the presence of AIN impurity phase in the
samples,””*® which may result from either an excess AIN
contents or incomplete synthesis (reaction temperature too
low or reaction time too short). While optimizing the synthesis
conditions for Ca-a-SiAlON, we also observed a similar but very
weak emission at orange region in incompletely synthesized
sample.

To provide further support for the assignment of the narrow
orange emission to Mn>" emission in impurity phase AIN:Mn>",
single phase AIN:Mn** and Al-based oxynitrides were
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synthesized. Fig. 5a shows the XRD patterns of Mn-doped AIN,
BaSizAl;04N5 (synthesized at 1650 °C) and an incompletely
synthesized Ca-o-SiAlON (synthesized at 1400 °C). Both AIN
and BaSizAl;0,N5 exhibit good phase purity. BaSizAl;04N5
usually accompany a small amount of oxide impurity
(BaSiAl,Og), but its influence on the PL properties is
negligible.?>*® No AIN impurity was detected in the BaSizA-
1;0,N5 PXRD pattern indicating that an AIN impurity phase is
present in less than a few %, the detection limit of impurity
phases in PXRD. Especially impurity phases of light elements
(low X-ray scattering or atomic form factor) are harder to detect.
Ca-a-SiAlON (synthesized at 1400 °C) revealed mixed compound
with several unidentified impurity phases due to incomplete
sintering reaction. The room temperature (300 K) PL properties
of these samples are presented in Fig. 5b. The single phase
AIN:Mn sample shows the typical bright orange PL originating
from Mn?' in tetrahedral nitride coordination. In BaSi;A-
130,N5:Mn, a prominent blue emission at 430 nm (host
emission) is observed along with a weak shoulder at 600 nm.
A similar weak emission at 600 nm is observed in underreacted
Ca-0-SiAlON, accompanied with a broad near-infrared emission
(assigned to emission from Mn>" ions). Fig. 5c shows the
cryogenic (4.2 K) PL measurements of the orange PL in all
three samples. In AIN, the PL exhibits sharp peaks representing
vibronic fine structure. This fine structure is well-known and
serves as a fingerprint for the presence of AIN:Mn>". An
identical fine structure is observed for orange PL of other two
samples. The vibronic fine-structure reflects coupling with host
lattice vibrations, similar to those observed in Raman spectra.’”
The observation of identical fine-structure in the orange
emission observed for Ca-0-SiAlION:Mn>' and BaSi;Al;0,Ns:
Mn>" suggests that the orange PL is indeed originating from
same compound, i.e. AIN:Mn, present as an impurity phase in
these Al-based oxynitrides. Indeed, it can be expected that the
bright orange emission from AIN:Mn can be observed in other
Al-based oxynitrides because of the high efficiency and because
AIN phases can go easily undetected in PXRD, especially in
compositions with heavier elements such as Ba which have
larger X-ray scattering cross-sections. Cryogenic measurements
are a powerful tool to verify the presence of AIN:Mn** because
of the characteristic fine structure in the low temperature
emission spectrum.

As discussed above the PXRD pattern of BaSi;Al;04N5:Mn
did not reveal detectable presence of AIN traces, but still in PL,
although weak, the orange emission could be observed. This is
explained by the bright luminescence of AIN:Mn. As a result, in
Mn*"-doped compounds having weak or no emission, a
presence of AIN impurity, even in small amount, can lead
prominent orange PL, which can easily be misinterpreted and
attributed to the primary compound. Such effect has previously
been reported for Eu*>* PL in CaZnOS, where the emission was
arising from impurity phase CaS:Eu** and the pure CaZnO-
S:Eu®*" is non-luminescent.”® This effect can be further
enhanced by solubility differences. Mn®>" is a large cation with
respect to Al or Si, and in nitride tetrahedral coordination, its
solubility is small. Cherepy et al. proposed that about 0.6%
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Mn>" ions can be uniformly incorporated in AIN lattice (AI-N
bond length about 0.18 nm).® In Ca-a-SiAION or other low field-
strength metal ions containing compositions, the [(Al/Si)N,]
tetrahedron is even smaller (Al/Si-N bond length about
0.17 nm) and thus it is more difficult for Mn”>" ions to substitute
on tetrahedral sites. In absence of appropriate doping sites, such
as Mg, Zn, Ca, etc., Mn®>* doping and/or emission is highly
inefficient in several compounds, such as BaSi;Al;0,4N; (Baz+
site is too large for Mn** ions). In lower purity BaSizAl;0,N;
compound, the intensity of orange PL is even higher over that in
Fig. 5b. We have observed prominent orange Mn>" PL in the
Ba-stabilized composition (known as Ba-s-phase) BaAlSi;O,N5,
space group Imm2*° and in SrAl,Si,O,N;, exhibiting AIN as
impurity phase (ESL Fig. S10). All these samples show identical
PL vibronic fine structure to that of AIN and their PL decay
kinetics is also similar.

Another reason to doubt the assignment of orange PL to
Mn** in Ca-a-SiAlON (or respective other oxynitride compounds)
is its inability of getting sensitized when codoped with sensitizer
ions, such as Eu®". Ni et al. and Zhang et al. investigated the
Eu®>-Mn>" codoped Ca-a-SiAlON.'®*°® Ni et al. showed the
presence of Mn>" narrow-band orange PL at 600 nm in singly
doped Ca-a-SiAlON, but in Eu**-Mn>" codoped sample, only
Eu®* emission was observed. We previously observed similar
results in Ba-s-phase, where the Mn** singly doped sample
exhibits prominent 600 nm emission, but in codoped sample,
only Eu** emission appears (ESI,{ Fig. S10 and S11). This is due
to the fact that the 600 nm emission is coming from impurity
AIN phase, thus preventing any short range non-radiative sensi-
tization interaction with donor ions (Eu**) incorporated in
primary compound. Zhang et al.*® showed quenching of Eu**
PL with increase in Mn>" codoping in Ca-a-SiAlON, but no
sensitized Mn>* emission was reported. As the donor emission
exhibited quenching upon Mn*" codoping, it is evident that
the energy transfer is taking place. In the present investigation,
we showed that Mn>" ions exhibit broad deep-red PL in
Ca-0-SiAlON, thus it is expected that the sensitized luminescence,
if present should be observed at deep-red spectral region in the
codoped samples.

To investigate the possibility of sensitizing the Mn®" emission
in Ca-o-SiAlION we co-doped with different sensitizers. Fig. 6a
shows the PL properties of Eu*>" singly doped and Eu®*-Mn”*
codoped Ca-0-SiAION. The Eu*" singly doped sample shows
bright yellow emission and the PLE exhibits typical Eu*>" broad-
band profile. In Eu®*-Mn*" codoped sample, the Eu** PL
intensity decreases, but a prominent Mn>" sensitized luminescence
is missing. The deep-red PL region of codoped sample indeed
shows a small increase in intensity as can be seen from the
normalized PL spectra in Fig. 6b. The intensity further improves
at cryogenic temperature (4.2 K) PL measurements, as the Mn**
emission is partially thermally quenched at 300 K. Still, the
sensitized Mn>" emission intensity is fairly weak. Similar small
elevation of deep-red region PL in Eu**~Mn*" codoped Ca-0-SiAlON
could be witnessed in earlier work of Zhang et al.,*® but its weak,
non-prominent nature at room-temperature might have left it
unnoticed. The donor (Eu**) PL decay curves are presented in
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of normal decay curves (channel width 2.4 ns) in combination with high-
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lines). The doping concentration for Eu?* was 0.5 at% and for Mn?*
was 10 at%. The excitation and emission wavelengths for PL and PLE
measurements were 412 nm and 575 nm, respectively.

Fig. 6¢c, shows a slightly faster decay in codoped sample, confirming
the presence of Eu**-Mn*" non-radiative energy transfer. The decay
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Fig. 7 Ca-a-SiAlON crystal structure depicting Ca—Ca separation (a);
spectral overlap of Mn?* absorption (dotted line) with emissions (solid
lines) of Eu**, Yb®* and Ce®" donor ions (b); and normalized PL—PLE
spectra of Yb?* and Ce®* singly doped with respective Mn?* codoped
Ca-u-SiAION at 300 K (c). The doping concentration for Yb?* and Ce®*
was 0.5 at%, and for Mn®* was 10 at%. The excitation and emission
wavelengths for PL and PLE measurements were 412 nm and 545 nm,
respectively for Yb?*-doped samples, and 375 nm and 495 nm for Ce>*-
doped samples, respectively.
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time decreases from 586 ns in Eu*" singly doped Ca-0-SiAION to
556 ns in Eu”*-Mn>" codoped Ca-0-SiAlON. The inset shows
high-resolution decay curves of the initial decay kinetics, suggesting
absence of any fast energy transfer quenching, typically observed
for Eu”*-Mn”" energy transfer by exchange interactions.®® Based on
the donor decay analysis, the energy transfer efficiency is
about 4.7% for 10 at%. Mn”>* codoping in 0.5 at% Eu®"-doped
Ca-o-SiAION.

The results show that sensitization of Mn>* emission by Eu**
ions is inefficient in Ca-o-SiAION. The energy transfer inter-
action between Eu®>" and Mn>" is governed by short-range
interactions, such as exchange (or dipole-quadrupole)
interaction.”® We have recently shown that exchange inter-
action dominates the sensitization mechanism in Ba,MgSi,O;
by carefully analyzing the high-resolution donor decay
kinetics.®> Accordingly, a fast nanosecond sensitization occurs
due to exchange mediated energy transfer between nearest
neighbor (<5 A) Eu?>'-Mn?" ion pairs, and the transfer rate
significant decreases for the next nearest neighbors (>5 A) ions
following exponential distance dependence. As both Eu*" and
Mn>" ions occupy Ca”* site in Ca-0-SiAION, the Ca-Ca separa-
tion provides the nearest-possible neighboring distance. Fig. 7a
presents the Ca-a-SiAlON structure, showing the Ca-Ca inter-
ionic separation. Accordingly, the closest Ca—Ca separation is
about 5.3 A, and the next nearest neighbor lie at 5.7 A along
c-axis to the unit cell. This suggests that the Ca-o-SiAION is a
dilute crystal structure with nearest neighbor distances too
large for efficient exchange interactions. Another reason for
inefficient sensitization is the poor spectral overlap between
Eu®" emission with Mn** absorption in Ca-0-SiAlON (Fig. 7b).
Fig. 7b also shows the emission spectra of Yb** and Ce*", which
possess better spectral overlap with Mn** absorption in Ca-o-
SiAlION and can be expected to improve Mn>" sensitization.
Fig. 7c shows the normalized PL-PLE spectra of 0.5 at% Yb>"*
and Ce*" singly doped Ca-a-SiAlON together with 10 at% Mn>*
codoped samples. As expected, the sensitized Mn** emission
intensity slightly improved for Yb®" donor ion sample compared
to Eu®* and even stronger improvement is observed in Ce**
donor ion codoped Ca-o-SiAlON. In Ce**-Mn”" codoped Ca-o-
SiAlON, the sensitized Mn>" emission can distinctly be observed
at 300 K. Nevertheless, the sensitized emission intensity is
still weak compared to donor emission even at 10 at% Mn>*
codoping and having resonant spectral overlap. This confirms
our conclusion that a large inter-ionic separation (> 5A) between
donor-Mn>" ions is primarily responsible for inefficient Mn>*
sensitization in Ca-o-SiAION.

D Conclusions

We have presented an in-depth study of the luminescence
of Mn** in Ca-0-SiAlON. At low temperatures deep red/NIR
emission is observed between 600 and 900 nm. The emission
is assigned to “T; — °A; emission for Mn>" substituted in the
[Ca(N,0),] polyhedron. Deep red emission is explained by
the strong nephelauxetic effect in nitride coordination, shifting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the emission to longer wavelengths than typically observed for
Mn** d-d emission.

The emission shows unusual properties: the bandwidth is
large (FWHM about 200 nm), thermal quenching occurs gradually
over a wide temperature range (instead of the usual sharp drop)
and the band maximum shows a remarkably large 70 nm blue
shift upon raising the temperature. All these observations are
explained by disorder in the local O-N coordination around Mn>*
in the polyhedron. This gives rise to variations in the crystal field.
Mn** ions experiencing stronger crystal fields show longer wave-
length emission with lower quenching temperatures. The role of
crystal field inhomogeneity is further confirmed by the non-
exponential emission decay curve at 4.2 K, which becomes
increasingly non-exponential at higher temperatures. Interest-
ingly, the present observation of deep red emission is different
from previous reports on narrow band orange emission for Mn**
in Ca-0-SiAlON. Based on careful analysis, including comparison
of vibrational fine structure in low temperature spectra, it is
concluded that the orange emission in fact originates from a
small amount of AIN:Mn>" impurity phase.

The absorption strength of the spin- and parity-forbidden
d-d transitions of Mn>" is low and successful application as a
phosphor requires combination with a sensitizer. Sensitization
of the Mn>*" emission was attempted by co-doping with Eu*",
Yb*" and Ce®, all having strong parity allowed f-d transitions.
Sensitization was observed but proved to be inefficient as the
nearest sensitizer-Mn>* distance is over 5 A, too large for
efficient energy transfer via exchange interaction.

The new insights show that efficient deep red emission from
a Mn>"-doped (oxy)nitride is possible for Mn** in polyhedral
coordination with a crystal field splitting larger than for
tetrahedral coordination. Thermal quenching is an issue and
needs to be prevented by limiting excited state relaxation.
To allow for sensitization the Mn>" ions need to be incorporated
in a host lattice that allows for short separation (<5 A) between
sensitizer and Mn>" as exchange interaction is required
for efficient energy transfer. Applying these design rules will
contribute to the discovery of efficient deep red or NIR
phosphors based on Mn>" d-d emission in (oxy)nitrides.
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