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Synthesis of RE,;_,Ca, 5,Si;1N>00 (RE = Yb, Lu; x = 2.2) with
Lug_,Ca, 5,5i11N,00:Ce3* Offering Interesting Spectral Properties
for Yellow-Emitting Phosphors in 1pcLEDs

Lisa Gamperl,[@ Georg Krach,'? Peter J. Schmidt,™ and Wolfgang Schnick*!

Abstract: The oxonitridosilicates REs_,Ca; 5,Si11N2oO (RE = Yb,
Lu; x = 2.2) were synthesized starting from REF;, CaH,, and
"Si(NH)," in a radiofrequency furnace at 1600 or 1400 °C, respec-
tively. The crystal structure was solved and refined from single-
crystal X-ray diffraction data of dark red Ybg_,Ca;5,Sii1N200
crystals in the trigonal space group P31c (no. 159) with
a =9.8281(10), c = 10.5968(13) A and Z = 2. The structure repre-
sents a filled variant of the ErgSi;;N,qO structure type, in which
the charge difference caused by substitution of trivalent Yb3*
with bivalent Ca* is balanced by occupation of an additional

third cation site. Synthesis of Lug_,Ca 5,Sis1N,00:Ce3* resulted
in a yellow powder with yellow luminescence. Powder X-ray
data were analyzed by Rietveld refinement based on the crystal
data obtained from Ybg_.Ca; 5,Si11N500. The Ce3* doped com-
pound exhibits a broad emission (fwhm =~ 168 nm/~ 5100 cm™")
with a maximum at A, = 565 nm. The emission extends more
in the red spectral range compared to YAG:Ce3*, thus making
it an interesting phosphor for warm-white single phosphor con-
verted light-emitting diodes (1pcLED) with an improved color
rendering index.
/

Introduction

According to the U.S. Department of Energy Solid-State Light-
ing Program, light-emitting diodes (LEDs) are revolutionizing
the lighting market and offer new opportunities in the field of
illumination design and energy efficiency. The energy savings
of LED white-light sources will reduce the U.S. lighting energy
consumption by nearly one-half in 2030 and about 75 % by
2035 compared to conventional white-light sources. LEDs, that
had their breakthrough with “the invention of efficient blue light-
emitting diodes which has enabled bright and energy-saving
white light sources”™ based on (In,Ga)N by Akasaki, Amano and
Nakamura, have surpassed many conventional lighting technol-
ogies (i.e. incandescent, halogen, fluorescent and high-intensity
discharge) in terms of energy efficiency, lifetime and color qual-
ity.'2 However, ongoing research in the field of phosphor-
converted LEDs (pcLEDs) is indispensable to realize the fore-
casts. Commonly used state-of-the-art white light single phos-
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phor converted light-emitting diodes (1pcLEDs) are based on
Y3.,Gd,Als_,Ga,0,,:Ce*" (YAG:Ce**), a broadband, yellow emit-
ting phosphor (Aem = 530-560 nm).3® A drawback of the
YAG:Ce3* phosphor is its limitation to cool-white light applica-
tions (correlated color temperature CCT = 4000-8000 K, color
rendering index CRI < 75) due to the lack of red spectral com-
ponents. To achieve a natural color perception for illumination-
grade lighting applications, higher CRI values are strongly
sought-after.>”! Improvements can be accomplished by either
adding red emitting phosphors such as Sr,Ca;_AlSiN5:Eu?*,
Ba,SisNg:Eu?* or Sr[LIAIN;J:Eu?* =19 in 2pcLED or by develop-
ing new phosphors with a red-shifted emission compared to
YAG:Ce3* in a 1pcLED approach. Nitridoaluminates and nitrido-
silicates with their highly condensed structures have turned out
to be promising host materials with excellent thermal and
chemical stability. Their predominantly covalent activator-nitro-
gen bonds shift the photoluminescence emission into the red
spectral range (nephelauxetic effect), which leads to lower, i.e.
warmer color temperatures as it is requested for warm-white
LEDs."'-13! This makes Ce3*-doped nitridosilicates to highly
promising phosphors for application in warm-white 1pcLEDs.
Examples for such recently developed phosphors are
(La,Ca)3SigN;1:Ce3*,  LasBaSisNg0,:Ce3*,  CaAlSiN;:Ce3*  and
SrAlSi4N5:Ce3+.['4- 171 In general, Ce3* phosphors are more suited
than Eu?* phosphors for applications where high luminance is
important.l'8 New Ce3* phosphors are especially needed for
high intensity light sources with superior color rendering
quality. In this contribution, we report on the synthesis of
Ybe_«Ca1.5,Si11N200 and Lug_,Caq 5,Si11N200 (x = 2.2). Lug_Caq s¢
Si;1N,0:Ce3* shows an interesting luminescence spectrum
compared to YAG:Ce3*, which makes it a potential new phos-
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phor for warm-white TpcLEDs for illumination-grade lighting
applications.

Results and Discussion

Synthesis and Chemical Analysis

The synthesis described in the Experimental Section led to CaF,
as a side product, which can be easily removed by washing
with conc. HNO3, conc. HCl, H,0 and ethanol. Due to the forma-
tion of CaF,, an excess of CaH, had to be used. Dark red crystals
(Figure S1) with a size up to 200 um were obtained. EDX data
(Table S1) showed that Ca is present in all investigated crystals.
The averaged determined atomic ratios (Yb/Ca/Si/N/O =
11:7:28:51:4) agree well within the limits of accuracy with the
theoretical values calculated from the sum formula obtained
by single-crystal X-ray diffraction data (Yb/Ca/Si/N/O =
10:8:28:51:3). However, the obtained atomic ratios of Yb and Ca
slightly differ in each single measurement, which indicates that
the Yb/Ca ratio is moderately variable. This leads to the assump-
tion that the sum formula can be best described with the varia-
ble x, leading to Ybe_,Ca; 5,Si11N200 (x = 2.2) as a more accurate
description of the entire sample stoichiometry. For determina-
tion of the composition of the whole sample, PXRD data were
refined with the Rietveld method based on single-crystal X-ray
diffraction data. The refinement shows that the synthesis led to
phase pure Ybg_,Ca, 5,Si11N»00 (x = 2.2, Figure 1, Table S2).
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Figure 1. Rietveld refinement of PXRD data collected from an Ybg_,Caj sy
Si;gN5eO (x = 2.2) powder sample with experimental data (black line, Cu-K,,
radiation, A = 1.54056 A), calculated pattern (red line), difference profile (gray
line) and positions of Bragg reflections (blue bars).

Minor differences in the reflection intensities may be due to
slightly variable Yb/Ca ratios on the three cation sites with
mixed occupancy. Absence of N-H vibration bands in the FTIR
spectrum (Figure S2) show that there are no N-H groups. Syn-
thesis of Lug_,Cay 5,Si;1N2gO:Eu?* led to a pinkish powder with
orange-red luminescence under irradiation with blue light,
whereas Ce3* doping resulted in a yellow powder with yellow
luminescence. The morphology of the sample shows small crys-
tallites with a size up to 10 um (Figure S3). The averaged values
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obtained from EDX measurements (Table S3) of a non-doped
sample (Lu/Ca/Si/N/O/F = 8:7:26:51:7:1) are comparable to the
values measured on Ybg_,Ca; 5,Si11N50O (x = 2.2) indicating that
the previously obtained sum formula is also applicable. The
O value is slightly increased presumably due to superficially
bound O. Despite washing of the samples a small residue of
CaF, is still left which can be analyzed by detection of fluorine.
The synthesis of Lug_,Ca 5,Si11N500 did not yield single crystals.
Therefore, the single-crystal X-ray diffraction data of Ybg_Ca s,
Si;1N500 (x = 2.2) were modified and applied for Rietveld refine-
ment of a washed, non-doped sample, which shows no CaF,
side phase although minor amounts of fluorine were detected
by EDX measurements (Figure 2, Table S4).
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Figure 2. Rietveld refinement of PXRD data collected from a Lug_,-
Ca 5,Si11N200 sample with experimental data (black line, Cu-K,,; radiation, 1 =
1.54056 A), calculated pattern (red line), difference profile (gray line) and posi-
tions of Bragg reflections (blue bars).

Due to the good accordance of the Rietveld and EDX data
compared to Ybg_,Ca;5,Si11N,0 (x = 2.2), the sum formula
Lug_Ca1.5,Si11N5O with the same crystal structure can be as-
sumed. Reflection intensity differences are again caused by
small differences in the Lu/Ca ratio distributed over the entire
sample.

Crystal Structure Determination

The crystal structure of Ybg_,Ca; 5,Si11N200 (x = 2.2) was solved
and refined from single-crystal X-ray diffraction data in the
trigonal space group P31c (no. 159), in which all atoms were
refined with anisotropic displacement parameters. The crystal-
lographic data of the refinement are summarized in Table 1.
Atomic coordinates, isotropic displacement parameters, site oc-
cupancy factors (Table S5) as well as the anisotropic displace-
ment parameters (Table S6) are summarized in the Supporting
Information. Ybe_,Ca;5,Si11N500O (x = 2.2) crystallizes in a filled
variant of the ErgSi;{NyoO structure type, first described by
Woike et al. and subsequently with minor differences regarding
the occupation of cation sites reported by Kéllisch et al.2%2"
The structure exhibits a three-dimensional network of vertex
sharing SiN, tetrahedra (Figure 3), which contains terminal
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[N, twofold [N, threefold [NP!] and even fourfold [N¥]
bridging nitrogen atoms.29-26131 The terminal nitrogen atom in

Table 1. Crystallographic data of the single-crystal structure determination of

Ybe «Cai 5x5i11N200 (x = 2.2).

Formula

Yb376Cas3255i11N200

formula mass [g mol™']
crystal system

space group

lattice parameters [A]

cell volume [A3]

formula units/unit cell
X-ray density [g cm™]
abs. coefficient [u mm™"]
absorption correction
temperature [K]
diffractometer

radiation [A]

F(000)

6 range [°]

independent reflections
refined parameters/restraints
GoF

Rint

Ra

R1 (all data/for I > 20(/))
wR2 (all data/for I > 20(/))
Apmax/Apmin (e Ais)

1389.00

trigonal

P31c (no. 159)

a =9.8281(10)

¢ =10.5968(13)
886.4(2)

2

5.208

21.515
Multiscan!'®!
293(2)

Bruker D8 Venture
Mo-K,, (A = 0.71073)
1264

3.8297 < 0 <32.2982
1776

128/7

1.030

0.0962

0.0443
0.0428/0.0418
0.1008/0.1002
1.881/-2.386

Figure 3. Crystal structure of an Ybg_,Ca;5,Si11N200 (x = 2.2) 2x2x2 super cell
viewed along (a) [001] and (b) [010]. SiN, tetrahedra in blue, green and gray,
N atoms blue and Yb/Ca atoms orange. Unit cell in black.
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EreSi;1N,oO was a novel feature in nitridosilicates.?! The most
unusual feature of the structure is the simultaneous occurrence
of all functionalities N!" to N [4[27]

Condensation of six SiN, tetrahedra leads to the formation
of sechser rings (Figure 4a), which are linked by SiN, tetrahedra
to sheets perpendicular to [001].12!

Figure 4. (a) Sechser rings of SiN, tetrahedra (blue) with centered Yb/Ca3 site.
(b) Star shaped unit (green SiN, tetrahedra) containing the fourfold bridging
N6 atom and the Si4/Si5 split position. (c) Combinations of ring and star
shaped units stacked along [001]. (d) Linkage of units in different [001] col-
umns by common corners and via additional tetrahedra (gray) containing the
terminal N7 atom. N atoms blue, O atoms red and Yb/Ca atoms orange.

The connecting tetrahedra contain the terminal nitrogen
atoms (N7, gray tetrahedra) aligned in the [001] direction. The
rings are connected to a star shaped unit containing the four-
fold bridging nitrogen atom (N6, green tetrahedra, Figure 4b).
This unit contains also a Si4/Si5 split position (52 %/48 %) with
Si5 in a SiN;O!! tetrahedron. In contrast to Woike et al. and
Kéllisch et al., the oxygen site was not refined with a split posi-
tion but with an enlarged anisotropic displacement parameter
along [001], which is oriented in the direction of the columns
formed by the sechser rings and the star shaped unit. Differ-
ence Fourier syntheses (Fyps — Fear) Of the electron density lo-
cated at the 01! site as well as at the N6 site, which has also
an enlarged anisotropic displacement parameter, do also not
indicate a splitting of the electron density at high isosurface
levels unlike the Si4/Si5 split position (Figure S4). The enlarged
anisotropic displacement parameters may be caused by the
Si4/Si5 split position. The units combined via common SiN,
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tetrahedra corners of the ring and star shaped unit with the
split position are stacked along the [001] direction (Figure 4c).
The different so formed columns are shifted against each other
in [001] and linked via the star shaped unit of one column to
the ring of another column and vice versa (Figure 4d).

There are three different cation sites with mixed occupancy
of Yb and Ca (Figure 5). Yb/Cal (76 %/24 %) is coordinated by
six nitrogen atoms in a distorted octahedron and Yb/Ca2 (47 %/
53 %) coordinated by five nitrogen and one oxygen atoms
forms a distorted trigonal prism. The three cation sites are
linked by common edges (Yb/Cal to Yb/Ca2 and Yb/Ca2 to
Yb/Ca3) or corners (Yb/Cal to Yb/Ca3). In contrast to the
ErgSi;1N,oO structure type,'2® which exhibits only two cation
sites, a third cation site is occupied in Ybg_,Ca; 5,Si11N500 (x =
2.2) by 9% Yb and 91 % Ca in a sevenfold coordination of six
nitrogen (N4: 2.547(12) A, N8: 2.564(10) A) and one oxygen
atom (2.27(3) A). It can be described by three N4 and three N8
each in a plane twisted against each other forming a zigzag
pattern. The coordination sphere is completed by the terminal
oxygen atom of the SiN;O tetrahedra, which coordinates Si5 of
the Si4/Si5 split position of the star shaped unit connected to
the sechser ring stacked along [001]. This structural situation
but with an under-occupied third cation site located inside the
sechser rings was also reported by Kollisch et al. in contrast to
the published structure type.?>2"! Due to very similar atomic
form factors of 0%~ and N3, an unequivocal assignment of
O and N only by means of X-ray methods is not possible. The
explanation of Woike et al. for the presence and location of
oxygen is only based on structure-chemical arguments like
charge balance and its proximity to a potential third cation site
occupied by one third in a possible “Erg33Si;1Ny;” structure
(Er3-N: 2.37(3) A), in which oxygen is replaced by nitrogen for
charge balance. The oxygen site is split due to the Si4a/Si4b
split position and is nearly trigonal planar coordinated by three
Er atoms.'?% In contrast, Kéllisch et al. argue that the occupation
of the third cation site is necessary to form a tetrahedral coordi-
nation of Er for the oxygen atom. Such oxygen centered
[Ln40]'°" ions, which stabilize oxygen atoms that can be consid-
ered as not belonging to the silicate anion structure due to the
long distance to Si, have already been reported.222-3% |n the
title compound, the third cation site has to be occupied in order
to compensate the charges unbalanced by mixed occupancy of
the first two cation sites with divalent and trivalent cations. XRD
and EDX data support this assumption. To confirm the assumed
anion arrangement, lattice energy (MAPLE)®®'-33 and bond va-
lence sum (BVS)B343%! calculations were performed. For MAPLE
calculations of Ybs;9Casz,,Si11N>o0 as well as for “YbgSi;1N5o0O”
(ErgSi;1N5q0 structure typel" with Er substituted by Yb) some
approximations had to be made (Table S7). The partial MAPLE
values calculated for Yb/Ca1-3 are in good agreement with typ-
ical MAPLE values for RE3* and Ca?* in nitridosilicates and with
the values calculated for “YbgSi;1N»0”.3 The Si values are also
in good accordance despite the Si split position. Only the value
of Si6 is slightly enlarged even compared to “YbgSi;;N5o0”.1"3!
The values of the anions are again in good agreement. The
(Si6)N, tetrahedron contains the terminal nitrogen atom. This
site could also be occupied by oxygen, which would explain
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the high value of Si6 when coordinated only by nitrogen. Sub-
stitution of N7 by oxygen (“O7") leads to more reasonable val-
ues, but then more Ca has to be incorporated in the structure
for charge balance. However, due to the variable mixed occu-
pancy of the cation sites, it is not possible to determine
whether the Ca content is caused by an increased oxygen incor-
poration. Thus, it cannot be clearly stated that Si6 is only coordi-
nated by nitrogen. Another possibility for charge balance is the
incorporation of nitrogen on the former O1 site, which is also
terminal (“N11”), but the obtained value is too low for known
terminal nitrogen atoms. To further differentiate the occupation
of the sites by oxygen and nitrogen, BVS calculations were per-
formed (Table S8). The bond valence sums for N1-N6 as well as
for N8 are in good agreement with the assignment of nitrogen.
The value of the terminal nitrogen N7 is slightly too low for a
nitrogen atom, therefore, as in the MAPLE calculations, N7 was
replaced by oxygen (“07”), whose value deviates slightly from
the expected -2, but it is closer to that of oxygen than the
previous value for nitrogen. The substitution affects the BVS
values for Yb/Ca1-3 and Si6, which are still reasonable. As ex-
plained for the MAPLE calculation, O1 was substituted by nitro-
gen (“N11") for charge balance. The obtained value is in the
range of the values expected for N and O, respectively, which
indicates that both are suitable. MAPLE and BVS calculations
agree well with each other, both suggest that oxygen would be
more suitable on the N7 site. Incorporation of nitrogen on the
former O1 site for charge balance does not solve this problem,
so charges could be balanced by Ca. However, the obtained
data are insufficient for an unequivocal statement. Since only
the boundary conditions were considered, a mixed O/N occu-
pancy is also conceivable. According to Pauling’s second
rule,2® O should substitute N near the cation site with the
higher Ca content to compensate the locally imbalanced char-

Figure 5. Coordination polyhedra of the three cation sites with mixed Yb/Ca
occupancy. (a) Yb/Ca1, (b) Yb/Ca2, (c) Yb/Ca3 side view, (d) Yb/Ca3 top view.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ges caused by substitution of Yb3* by Ca?* in a nitrogenous
surrounding. It can be assumed that Yb-N pairs are substituted
by Ca-O pairs, which are both charge-neutral.?”! The distribu-
tion of Yb and Ca on the different sites seems to depend on
the average distances of Yb/Ca to N/O. For Yb/Ca1, the average
Yb/Ca1-N distance is about 2.4 A, Yb/Ca2-N/O about 2.45 A
and Yb/Ca3-N/O about 2.5 A. The occupation of the sites is in
good agreement with the ionic radii, in which the larger Ca?*
occupies preferentially the site with the larger distances." Dur-
ing the refinement, sum formula constraints were applied in
order to achieve charge neutrality by mixed Yb/Ca occupation
of the different cation sites. This leads to a sum formula with a
slight excess of negative charges, which, however, coincides
within the error limits with a charge neutral sum formula. The
Si-N distances (1.691(10)-1.790(7) A) are in good agreement
with the values reported for ErgSiy1N,00.12%2" The Si5-O1 bond
length of 1.92(3) A is slightly enlarged due to the Si4/Si5 split
position. The value is in between the values given in the litera-
ture for distances to an oxygen split position. According to Ko-
llisch et al., this represents a transition state between an isolated
oxygen atom (i.e. occupancy of Si4) in a [Ln,0]'®* complex and
a terminal oxygen atom in a (Si5)N;O!"! tetrahedron.2%2" The
Si4-Si5 distance of the split position is 0.929(17) A, which is
slightly larger than reported, because the absence of an oxygen
split position allows the Si atoms to further separate. The Yb/
Ca-N distances are in the range of 2.340(9)-2.564(10) A with
slightly shorter Yb/Ca2-O1 and Yb/Ca3-O1 bond length of
2.284(2) and 2.27(3) A, respectively, which are in also good
agreement with the reported values.[2%21]

Since no single crystals of Lug_,Ca; 5,Siq1N2o0 (x = 2.2) were
obtained, no independent structural model was elucidated.
However, due to similar EDX results and the accordance of the
powder diffraction pattern with the Ybg_Ca; 5,Si11N»0 (x = 2.2)
single-crystal data in the Rietveld refinement, it can be assumed
that Lug_,Ca;5,Si11N50 (x = 2.2) is isotypic to Ybg_Caqse
Si;1N,00. As a result of the potential variable occupation of the
cation sites, the Lu/Ca ratio may vary.

UV/Vis Spectroscopy

With respect to the red color of the crystals of Ybg_Caqs,
Si;1N,O (x = 2.2), a solid-state UV/Vis spectrum was recorded
to determine the optical band gap. The measured diffuse reflec-
tance spectrum of a powder sample was converted into a
pseudo-absorption spectrum using the Kubelka—-Munk function
F(R) = (1 - R)?/2R with R being the reflectance.® Subsequently,
the optical band gap was determined from a Tauc plot, where
hv is plotted against (F(R)-hv)'"" with n = 1/2 for a direct allowed
transition, by drawing a line tangent at the inflection point.!>?!
The optical band gap was estimated to be approximately
1.87 eV (Figure 6).

The determined optical band gap matches very well with the
optical perception of the red crystals. The comparable small
band gap of Ybg_,Ca; 5,Si11N»00 (x = 2.2) may be caused by the
onset of the valence band-Yb3* charge-transfer band, which is
referred to the transition to the localized 4f'* ground state of
Yb?*.1%% Dye to the low energetic difference, it can be assumed
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Figure 6. Tauc plot (n = 1/2) for an Ybg_,Ca; 5,Si11N200 (x = 2.2) powder sample.

that the direct transition will be more likely in the visible range.
The small band gap of Ybg_,Ca; 5,Si11N»00 (x = 2.2) may be the
reason for the absence of luminescence upon doping with Eu?*
or Ce3* because the emitted luminescence will be absorbed by
the host material itself. The direct band gap of a non-doped
Lug_Caq.5,Si11N5O (x = 2.2) powder sample is approximately
4.5 eV (Figure 7).The band gap corresponds to the valence
band-conduction band onset. Here, the direct transition will
again probably be more likely due to the low energy difference.
The direct band gap makes Lug_,Ca; 5,Si11N»00 (x = 2.2) a suit-
able host material for doping, because for pcLED applications
wide band gaps > 4 eV are required.

25

20

(F(R)*hv)*

05

0.0 T T T T T T T T T . 1
20 25 3.0 35 4.0 45 5.0

hv/eV

Figure 7. Tauc plot (n = 1/2) for a non-doped Lug_,Ca;5,Si11N20 (x = 2.2)
powder sample.

Luminescence

Luminescence properties were obtained from thick bed powder
samples of  Lug ,Cay5Si;1NogO:Eu?t  and  Lug_,Cay 5, Siq-
N50:Ce3* (x = 2.2). The Eu?* doped compound shows a reddish
luminescence upon irradiation with UV to blue light (leye =
440 nm) and emits at Ao, = 618 nm with a full width at

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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half-maximum (fwhm) of 124 nm/3000 cm™' (Figure S6).
Lug_xCa 5,Siq1N»0:Ce3* (x = 2.2) shows a more interesting lumi-
nescence (lexe = 440 nm, Figure 8).

10F
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Intensity / a.u.
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Figure 8. Normalized excitation and emission spectra (lexe = 440 nm) of
Lug_,Cay 5,Si11N200:Ce3* (x = 2.2, black) compared to YAG:Ce>* (red).

The emission maximum is positioned at A.,, = 565 nm with
a full width at half-maximum (fwhm) of 168 nm/5100 cm™, a
quantum efficiency of 22 % and color coordinates (CIE 1931,
Commission Internationale de I’Eclairage)*" of x = 0.436 and
y = 0.503 (CIE 1960: u = 0.214, v = 0.370). Comparison of the
ionic radii indicates that Ce3* (coordination number CN = 6:
1.01 A, CN = 7: 1.07 A) preferably replaces Ca%* (CN = 6: 1.00 A,
CN = 7: 1.06 A) rather than Yb** (CN = 6: 0.87 A, CN = 7:
0.93 A).B" The broadband emission, which is typical for Ce3*-
doped materials, results from a spin and parity allowed transi-
tion from the lowest 5d level to the 4f ground state split into
the two 2Fs,, and 2F;,, levels separated by 2000 cm™.%#2 In
addition, occupation of the asymmetric sites Yb/Ca1/2 (Wyckoff
positions 6¢ with site symmetry 1) and Yb/Ca3 (Wyckoff posi-
tions 2b with site symmetry 3) with different activator-N/O dis-
tances leads to different crystal field interactions and therefore
to multiple doublet emissions slightly shifted to each other, re-
sulting in a further broadening. The emission spectrum is com-
pared to an industrially optimized Y;Als0,,:Ce3* (YAG:Ce3*,
Lumileds Phosphor Center Aachen, Lumileds Germany GmbH),
which exhibits an emission maximum at Ad¢, = 552 nm (Agye =
440 nm) with a full width at half-maximum (fwhm) of 118 nm/
3600 cm™' and a quantum efficiency of 95 %. The color coordi-
nates are x = 0.444 and y = 0.537 (u = 0.208, v = 0.377). The
Lug_Cay 5,Si11N5g0:Ce3* (x = 2.2) luminescence spectrum shows
a comparable emission in the yellow region but with an in-
creased emission in the red spectral range. The color point of
Lug_xCa 5,Siq1N»00:Ce3*, which is assigned in the CIE 1960 color
space (Figure 9), is located nearby YAG:Ce** in the yellow-
orange spectral range.

A theoretical white light TpcLED based on a blue primary
LED (Aem = 450 nm) combined with the Lug_,Ca 5,Si;1N50:Ce3*
phosphor would offer a CCT of about 4800 K (x = 0.352, y =
0.361; u = 0.212, v = 0.327).3 In comparison, a theoretical
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Figure 9. CIE 1960 color space with the color points of Lug ,Cays,-
SiaNye0:Ce3 (x = 2.2; turquoise 9), YAG:Ce>* (red 0) and a blue primary LED
(green square) along with an ideal blackbody radiator (Planckian locus, black
line with gray squares) at different temperatures [K]. Yellow line for determina-
tion of the CCT of a theoretical LED based on a blue primary LED and the
Lug_,Cay 5,Si11N200:Ce>* phosphor (intersection with Planckian locus indicated
with yellow ¥).[4143]

YAG:Ce3* based 1pcLED exhibits a CCT of approximately 5300 K
(x =0.337, y = 0.350; u = 0.207, v = 0.322). The determined CCT
values show that Lug_,Cay 5,Si;1N500:Ce3* could offer slightly
lower CCT values and could therefore be used in warm-white
light applications. However, the main advantage is the in-
creased output in the red spectral range, which could lead to
improved CRI compared to a YAG:Ce3* based LED. As a main
benefit of the title compound, color rendition R, increases sig-
nificantly from 68 to 84 (Ry = 29), a typical value of illumination
grade white LEDs. This could make Lug_,Cay 5,Si;1N500:Ce3* a
potentially better phosphor for applications with a higher color
rendering index in warm-white 1pcLED than YAG:Ce3*, which
leads only to cool, pale white light in combination with a blue
emitting (In,Ga)N primary LED.

Another yellow phosphor,  Ye.(3)-/Cay.s(z2)Si11N20xeysz
O1_44y--Ce, which crystallizes analogously to Lug_Caysye
Si;1N500 in the same crystal structure reported by Woike et al.
with three mixed occupied cation sites, exhibits an emission
maximum at Aem = 554 nm (Aeye = 450 nm) with fwhm of
147 nm. This phosphor was claimed to be used in general white
lighting devices requiring high color rendering due to its broad
yellow emission.™ In comparison to YAG:Ce3*, the emission
maximum of Y6+(x/3)—ycay+(z/2)Si11N20+x—y+zol—x+y—z:Ce stays al-
most unchanged but with a broader emission. However,
Lug_,Cay 5,Si11N5o0:Ce3* exhibits a slightly red-shifted emission
maximum with an even broader fwhm extending in the red
spectral range. So it is expected that Lug_.Caj s5,Sis1Noo0:Ce3*
offers an even better color rendering than Ye,(3)-,Cay.(z/2)Si11-
N20sxy+701-x+y-zCe due to its increased red spectral output.

The quantum efficiency of Lug_Cay 5,Si;1No0:Ce3* with
22 % at room temperature is rather low compared to the indus-
trially optimized YAG:Ce3*. Based on the quantum efficiency of

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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22 % at room temperature, the quantum efficiency at 6 K can
be estimated to about 80 % (Figure 10).
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Figure 10. Temperature dependent internal quantum efficiencies of Lug_
xCa15,Si11Nx0:Ce* (x = 2.2).

From thermal quenching investigations could be expected
that the internal quantum efficiency can be increased by about
20 % by lowering the excited 4f°5d’ state of Ce3* energetically
relative to the bottom of the conduction band. Practically,
this may be achieved by partial replacement of Ca?* by heavier
alkaline earth elements as being discussed in literature.[*"!

The influence of the dopant concentrations are investigated
by comparison of samples with a nominal dopant content of
0.5, 1, 2 and 4 Mol-% Ce3* referred to Ca (Figure 11, Table S9).
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Figure 11. Normalized emission spectra (leye = 440 nm) of Lug_Cajsy-
Si11N50:Ce3 (x = 2.2) with different dopant concentrations of 0.5 % (turquoise
line), 1% (red line), 2 % (green line) and 4 % (blue line) compared to YAG:Ce
(black line).

Increasing the dopant concentration leads to a red-shifted
emission while fwhm remains largely constant. Phosphors hav-
ing multiple emission sites can exhibit rather large emission
maxima shifts at different doping concentrations because the
occupancy of the available activator sites can change signifi-
cantly depending on the doping concentration and synthesis
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conditions. Even the quantum efficiency shows no significant
or systematic changes and therefore no concentration quench-
ing at the investigated dopant contents (Table S9). There is also
no systematic change of the lattice parameters despite increas-
ing the dopant concentration and therefore incorporating a
slightly lager cation.

Conclusions

Ybe_xCa 5,Si11N200 and Lug_,Ca; 5,Si;1N500 (x = 2.2) were syn-
thesized in a solid-state reaction and crystallize in a filled vari-
ant of the ErgSi;NyoO structure type. The refinement of the
Ybs_,Caq 5,Si11N200 (x = 2.2) single-crystal X-ray diffraction data
shows that Ca is incorporated by mixed occupancy of the two
cation sites known from the ErgSi;1N5oO structure type as well
as an additional third cation site for charge balance. The results
are confirmed by EDX measurements, Rietveld refinements and
both MAPLE and BVS calculations. The replacement of Yb/Lu
by Ca leads to new structural features and could lead to the
incorporation of oxygen in the anionic framework, which could
have an influence on the luminescence properties. Furthermore,
the third cation site is in contrast to the ErgSi;;N5oO structure
type reported by Woike et al. only occupied if Ca is present.
Ce3* presumably occupies the Ca?* sites due to similar radii,
therefore the sites preferably occupied by Ce could be identi-
fied. However, it was not possible to unequivocally distinguish
O and N, therefore, neutron diffraction would be necessary as
a subject of further research. Rietveld refinement of Lug_
Ca1.5,Si11N200 (x = 2.2) was based on the refined single-crystal
X-ray diffraction data of Ybe_,Ca; 5,Si11N»00 (x = 2.2), which in-
dicates that both compounds crystallize in the same structure
type. The Eu?* doped compound emits at A, = 618 nm with
a full width at half-maximum (fwhm) of 124 nm/3000 cm™". Lug_
<Cay.5,Si11N500:Ce3* (x = 2.2) exhibits a more interesting lumi-
nescence in the yellow spectral range. With 1., = 565 nm and
fwhm of 168 nm/5100 cm™", the phosphor shows a comparable
emission to Y5Als0;,:Ce3*, which is used in 1pcLED but is lim-
ited in application due to its cold-white light upon excitation
with a (In,Ga)N primary LED. Lug_,Ca 5,>Si11Noo0:Ce3* (x = 2.2)
emits further in the red spectral region, leading to warm-white
light, which offers warmer color temperatures and a higher
color rendering index and could therefore be more suited for
illumination-grade lighting applications. An (In,Ga)N based LED
exhibit an excitation wavelength of 435 nm, which makes
Lug_.Ca 5,Si11N»0:Ce3* (x = 2.2) suitable for application in
LEDs. Further research is necessary to optimize the quantum
efficiency and therefore make Lug_,Ca; 5,Si11N»0:Ce3*" (x = 2.2)
an even more interesting phosphor for modern illumination-
grade warm-white lighting applications with increased color ren-
dering index.

Experimental Section

Synthesis: All synthesis steps were performed in an argon-filled
glovebox (Unilab, MBraun, Garching; O, < 1 ppm; H,O < 1 ppm). For
synthesis of Ybg_Ca; 5,Si11N200, YbF3 (0.7055 mmol, 162.3 mg; Alfa
Aesar, 99.99 %), Yb,0O5; (0.0705 mmol, 27.8 mg; smart elements,

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®xChemPubSoc
e Europe

o

99.99 %), CaH, (1.6932 mmol, 71.3 mg; Sigma-Aldrich, 99.99 %) and
SisN4 (0.7760 mmol, 108.9 mg; Ube Industries, SN-E10) were thor-
oughly ground in an agate mortar and filled into a tungsten crucible,
which was then transferred into a water-cooled silica glass reactor
of a radiofrequency furnace (type TIG 10/100; Hiittinger Elektronik
Freiburg) attached to a Schlenk line. Under purified N,-atmosphere,
the crucible was heated to 1600 °C in 10 min. The temperature was
maintained for 5 h, cooled to 900 °C in 3 h and finally quenched to
room temperature. Dark red crystals were obtained, which are stable
towards air, water and concentrated mineral acids in repeated
washing steps. Lug_Ca;s5,Si1N5gO was synthesized starting from
LuF; (0.7017 mmol, 1974 mg; Sigma-Aldrich, 99.99 %), Lu,O;
(0.0702 mmol, 27.9 mg; ABCR, 99.9 %), CaH, (1.6840 mmol, 70.9 mg;
Sigma-Aldrich, 99.99 %), SisN, (0.7718 mmol, 108.3 mg; Ube Indus-
tries, SN-E10) and with Eu,03 (ABCR, 99.99 %) or CeF; (Sigma-Aldrich,
99.99 %) as dopants. The thoroughly ground starting materials were
filled into a tungsten crucible and heated analogously to the Yb
compound to a final synthesis temperature of 1400 °C. Eu** doping
yielded a pinkish powder with orange-red luminescence under irradi-
ation with blue light, whereas Ce** doping resulted in a yellow pow-
der with yellow luminescence. The products are stable towards air,
water and concentrated mineral acids in repeated washing steps.

Electron Microscopy: For investigation of the chemical composition
and morphology of all samples, a scanning electron microscope
(SEM) NanoLab G3 (Helios) equipped with an X-Max 80 SDD detector
(Oxford Instruments) for energy dispersive X-ray (EDX) measurements
was used. The measurements were performed with an acceleration
voltage of 20 kV. A carbon-coating (BAL-TEC MED 020, Bal Tec AG)
was applied to prevent electrostatic charging of the samples.

Single-Crystal X-ray Diffraction: A single crystal of Ybg_,Casy-
Si;1N5O (x = 2.2) was isolated and fixed on a MicroMount (MiTeGen)
with an aperture size of 200 um. X-ray diffraction data were collected
with a Bruker D8 Venture diffractometer with rotating anode (Mo-K,
radiation). SADABS was used for absorption correction.!'™ The crystal
structure was solved using Direct Methods (SHELXS-97) and refined
by least-squares methods (SHELXL-97).[46-48!

Further details of the crystal structure investigation(s) may be ob-
tained from Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the deposition number
CSD-1948717.

Powder X-ray Diffraction: For powder X-ray diffraction (PXRD), the
ground samples were sealed into glass capillaries (0.1 mm diameter,
wall thickness 0.01 mm; Hilgenberg GmbH, Malsfeld, Germany) and
measured on a STOE STADI P diffractometer (Cu-K,; radiation,
A =1.5406 A, Ge(111) monochromator, Mythen1K detector) in parafo-
cusing Debye-Scherrer geometry. The data were Rietveld refined
with the TOPAS Academic V6 package applying the fundamental pa-
rameters approach (direct convolution of source emission profiles,
axial instrument contributions, crystallite size and microstrain ef-
fects).[49-521 Absorption effects were corrected using the calculated
absorption coefficient. Preferred orientation of crystallites was han-
dled with the spherical harmonics model of fourth order. The struc-
ture model of Ybg_,Ca; 5,Si11N500 (x = 2.2), which was obtained from
single-crystal X-ray diffraction data, was used as a starting point for
all refinements.

Fourier Transform Infrared (FTIR) Spectroscopy: An FTIR spectrum
of Ybg_,Ca;.5,Si11N200 (x = 2.2) was measured with a Jasco FT/IR-
4100 spectrometer using the ATR method.

UV/Vis Spectroscopy: For the measurement of diffuse reflectance
spectra of REs_,Caq5,Si11N»0O (RE = Yb, Lu; x = 2.2) in the range of
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240 to 800 nm with 1 nm step size, a Jasco V-650 UV/Vis spectropho-
tometer equipped with a deuterium and a halogen lamp (Czerny-
Turner monochromator with 1200 lines/mm concave grating, photo-
multiplier tube detector) was used.

Luminescence: Photoluminescence properties of Lug_Cajs,-
Si11NoO:RE (RE = Eu?*, Ce3*; x = 2.2) were measured on microcrystal-
line powder samples in PTFE sample holders using an in-house built
system (5.3 in. integrating sphere, spectrofluorimeter equipped with
a 150 W Xe lamp, two 500 mm Czerny-Turner monochromators, 1800
1/mm lattices, 250/500 nm lamps with a spectral range from 230 to
820 nm). Determination of the internal quantum efficiency (IQE) was
accomplished by comparing integrated emission intensities and ab-
sorption at excitation wavelength with standard materials (BaSO,,
Merck p.a.; commercial (Sr,Ca)AISiN5:Eu?*, Mitsubishi Chemical, and
Y5Als0,,:Ce3*, Philips). For investigations on thermal quenching of
the emission, an AvaSpec-2048 spectrometer and a stabilized light-
emitting-diode (LED) light source was used for sample excitation.
Cryospectroscopy between 300 and 6 K was measured on a thick-
bed powder layer with a fiber-coupled spectroscopy system contain-
ing a thermally stabilized LED light source and a fiber-optic spec-
trometer (HR2000+ES spectrometer, Ocean Optics) with the sample
placed in an evacuated cooling chamber, equipped with a liquid-He
compressor system (ARS4HW, Advance Research System Inc.).
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