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Order and Disorder in Mixed (Si, P)-N Networks

Sr,SiP,Ng:Eu?* and Sr.Si,PcN,c:Eut

Marwin Dialer, Monika M. Pointner, Sophia L. Wandelt, Philipp Strobel, Peter J. Schmidt,
Lkhamsuren Bayarjargal, Bjérn Winkler, and Wolfgang Schnick*

In the field of nitride phosphors, which are crucial for phosphor-converted
light-emitting diodes, mixed tetrahedral networks hold a significant position.
With respect to the wide range of compositions, the largely unexplored (Si,
P)-N networks are investigated as potential host structures. In this work, two
highly condensed structures, namely Sr,SiP,N; and Sr;Si,P¢N,; are reported
to address the challenges that arise from the similarities of the
network-forming cations Si** and P°* in terms of charge, ionic radius, and
atomic scattering factor, a multistep workflow is employed to elucidate their
structure. Using single-crystal X-ray diffraction, energy-dispersive X-ray
spectroscopy (EDX), atomic-resolution scanning transmission electron
microscopy (STEM)-EDX maps, and straightforward crystallographic
calculations, it is found that Sr,SiP, N is the first ordered, and Sr;Si,PgN;¢
the first disordered, anionic tetrahedral (Si, P)—N network. After doping with
EuZ*, Sr,SiP,Ng:Eu?* shows narrow cyan emission (4,,,, = 506 nm,

fwhm = 60 nm/2311 cm~"), while for Sr;Si,P;N,.:Eu?* a broad emission with
three maxima at 534, 662, and 745 nm upon irradiation with ultraviolet light is
observed. An assignment of Sr sites as probable positions for Eu?* and their

1. Introduction

Highly condensed (oxo-)nitride networks
are known for their exceptional lumines-
cence properties when doped with Eu?* and
convince with high quantum efficiency, low
thermal quenching, as well as chemical and
thermal stability.['?] These properties make
them an essential element in commercially
available phosphors used in phosphor-
converted light-emitting diodes (pcLEDs).
Prominent examples of such materials
are f-sialon:Eu?*, (Ca, Sr)[AlSiN,]:Eu’t,
St[LiAl;N,]:Eu®*, and Sr[Li,AL,N,O,]:Eu’**,
which all share a common feature, the pres-
ence of a mixed tetrahedral network.*-*7 In
the development of novel host structures,
multiple network-forming cations (NFC) of-
fer significant advantages. First, by intro-
duction of highly reactive compounds like
Li;N or Mg;N,, refractory inert binary ni-

relation to the emission bands of Sr;Si,P;N,¢:Eu?" is discussed.
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trides can be activated, as has been shown
for aluminum nitride or silicon nitride.”"!
Second, it is possible to increase the con-
densation degree x (Equation 1) and thus
decrease the ratio between counter cations
and NFCs, defined as the cation ratio
CR (Equation 2). This is evident in the example of nitridosil-
icates, where «,,, is limited to a value of % correspond-
ing to pure Si;N, (k = 0.75). By adding Li;N (x = 3) or
Mg;N, (¢ = 1.5) we can achieve higher values for the de-
gree of condensation, as demonstrated for Sr[Li,Si,N,]:Eu** and
Sr[Mg;SiN,]:Eu** (x = 1).1%1] This is advantageous for achiev-
ing narrow emission bands which correlates with the conden-
sation degree and thus the rigidity of a network. However,
the main advantage of mixed networks is their wide range of
compositions.

This diversity is crucial, as significant changes in lumines-
cence properties often require a complete redesign of the host
structure. This led us to investigate mixed (Si, P)-N networks, as
the compound classes AE-Si-N and AE-P-N (AE = Ca, Sr, Ba)
have the most representatives among ternary nitrides. This vari-
ety suggests that their combination yields numerous compounds
with new structures and luminescent properties worth investigat-
ing. This can be illustrated by plotting the cation ratio CR, as de-
fined by Pritzl et al., against the condensation degree « for known
compounds (Figure 1).[12]

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. Graphical representation of the cation ratio CR versus the con-
densation degree « for the ternary compound classes AE-Si—N (blue) and
AE-P-N (red), as well as for quaternary AE—(Si, P)-N (beige) as the region
between both curves (AE = Ca, Sr, Ba). All literature known compounds,
including the new compounds Sr,SiP,Ng and Sr5Si, PgN ¢ are marked as
symbols. For a full list refer to Table S2 (Supporting Information). The ex-
panded view in the inset shows all compounds with k = 0.5, differing in
CR.

_ N(NFC)
" N(LIG) ()

_ N(CQ)
CR = N (NFC) 2)

where N is the count, NFC is the network-forming cation (Si, P),
LIG is the ligand (N), and CC is the counter cation (Ca, St, Ba).
Mathematical transformations reveal the analytical relation-

ship between the two parameters with respect to the oxidation
states (Ox):

Ox (LIG) 1
Tox(CC) Tk

Ox (NEC)

CR (k) = 0% (CO)

G)

More details about the mathematical derivation can be found
in the Supporting Information. While all ternary nitrides align
with respective hyperbolic curves (blue and red), quaternary AE—
(Si, P)-N can span the full region (beige) between both curves.
For the latter, Ox(NFC) depends on the percentage composi-
tion of (Si, P) that is CR(k) can vary between the edge cases
Ox(Si) = 4 and Ox(P) = 5. To date, this compositional space re-
mains largely unexplored, with only one representative, namely
AESiP;N, (AE = Sr, Ba).['¥ The challenging synthesis, either
requiring NH,F assisted high-pressure high-temperature con-
ditions or molecular precursors, explains this uncharted ter-
ritory. The crystallochemical similarities of Si** and P°*, in
terms of charge, ionic radius, and atomic scattering factor, com-
plicate structure elucidation.'*1] This is also the reason why
Eisenburger et al. employed scanning transmission electron mi-
croscopy (STEM) to determine the partially ordered nature of
their network. There are other related (Si, P)-N compounds,
such as the disordered wurtzite type SiPN,, or SiP,N,NH and
AESi,P,N,((NH), (AE = Mg, Ca, Sr), where Si occupies octa-
hedra and P tetrahedra.['*'8] However, there are no reports of
ordered and disordered (Si, P)-N networks in which Si and P
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form an anionic, tetrahedral network. Consequently, we intro-
duce Sr,SiP,N, as the first ordered and Sr;Si,P(N,, as the first
disordered representatives of anionic (Si, P)-N networks in this
study, respectively.

2. Results and Discussion

2.1. Synthesis

Both compounds Sr,SiP,N, and Sr;Si,P(N,, were prepared via
the azide route at 3 GPa and 1400 °C in a multianvil press start-
ing from Sr(N;),, amorphous Si;N,, and a-P;N;. For lumines-
cence experiments, we added 1-3 mol.% EuN with respect to
Sr?*. Due to their similar compositions, the products typically oc-
cur as microcrystalline powder mixtures, distinguishable by their
crystal shape and luminescence (Figures S1 and S2, Supporting
Information). The products, like many highly condensed nitrides
(x = 0.5), are stable toward moisture and air.

2.2. Structure Elucidation

The similarities between Si and P make the structure elucidation
a multistep process when both occupy the same sites in the crys-
tal. Therefore, it is difficult to determine the network based on
single-crystal X-ray diffraction data alone. The same applies to O
and N as ligands. Even though we did not include oxygen, poten-
tial contamination by diffusion in a multianvil press needs to be
considered. We followed a four-step workflow: 1) Determination
of a preliminary structure model from single-crystal X-ray data
of the form Sr,(Si, P) (N, O),. 2) Determination of the chemical
composition by measuring EDX on flat single-crystal surfaces. 3)
Determination of tetrahedral occupancies by STEM EDX. 4) Fi-
nalization of the structure model by implementing occupational
results from steps (2) and (3).

Sr,SiP,Ng crystallizes in the structure type of K,ZnSi,O,
in the non-centrosymmetric space group €222, (no. 20) with
a = 6.0849(1), b = 8.8203(2), ¢ = 10.2500(2) A, and Flack param-
eter x = —0.017(6).'%2° Further crystallographic data are given
in Tables S3-S5 (Supporting Information). We confirmed the
absence of centrosymmetry by measuring the second harmonic
generation (SHG) intensities on a powder sample with grain
sizes below 30 um. The value of 31(11) mV is comparable to that
of quartz with 24(4) mV (< 5 um). The preliminary empirical for-
mula from single-crystal X-ray data was Sr, (Si, P);(N, O),. Single-
crystal EDX measurements, averaged over ten points, gave a
composition of Sr 18(1), Si 11(1), P 18(1), N 51(1), and O 3(1) at%,
corresponding to a refined empirical formula Sr, Si, P, N, O,
(x =~ 0.1). Given the isoelectronic relationship between Si—O and
P-N, we consider oxygen impurities to this extent to be entropy-
driven and hardly avoidable in a multianvil press, justifying the
idealized sum formula of Sr, SiP,N,. The structure itself consists
of a highly condensed network of Q? tetrahedra with condensa-
tion degree k = 0.5 (Figure 2). T2 tetrahedra (green) form single
chains along [001], with all chains being cross-linked by T1 tetra-
hedra (yellow). The Sr?* ions occupy a single crystallographic site
with (6+3)-fold coordination through N3~ which can be described
as a distorted tricapped trigonal prism (Johnson body 51) with a
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Figure 2. Crystal structure of Sr,SiP,Ng in a) [100] and b) [001] showing an ordered tetrahedral network of P (T2, green) single chains which are cross-
linked by Si (T1, yellow) tetrahedra. The crystal structure of Sr5Si,PgN+¢ in c) [001] shows alternating double-chains along [010] in ABAB sequence. The
tetrahedra T1'-T4’ are occupied by (Sig 55, P 75) building a disordered network. In d) the ABAB layers are stacked along [001] in CDCD sequence with D
being the inverse of C.

volume of V = 42.4 A3 [21] To determine the occupancy of T1and  each maximum indicates the presence of the corresponding
T2 sites, we used scanning transmission electron microscopy on  element at that position. For Sr,SiP,Ng, the signals of Si and P
an atomic scale. In the first step, we oriented the crystal along  oscillate out of phase, which means that Si is only present when P
a crystallographic axis in which we could study the tetrahedral  is not and vice versa. It was possible to assign the tetrahedral po-
Wyckoff positions separately, for Sr,SiP, N, this was the direction  sitions T1 = Si** and T2 = P°* and refine a final structure model,
[100]. In the second step, we chose an area scan to measure atwo- ~ where Sr,SiP,N, comprises the first ordered (Si, P)-N network.
dimensional EDX map as highlighted in yellow in Figure 3. By = We were able to corroborate the structure model by Raman
integration over the EDX signal, we obtained a sinusoid where  spectroscopy, where the simulated spectrum shows very good
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Figure 3. STEM high-angle annular dark-field (HAADF) images with structure overlay of a) Sr,SiP,Ng and d) SrsSi,PgNg. STEM EDX area scans are
highlighted in yellow. For the area scan highlighted in red, please refer to Figure S3 (Supporting Information). The integrated EDX signals of the area
scans show out of phase oscillation of the Si (yellow) and P (green) signals for b) Sr,SiP,Ng and in-phase oscillation for c) SrsSi,PgN g, indicating an
ordered network for Sr,SiP,N¢ and ruling out an ordered network for SrsSi, PgN+6. The Sr (red) EDX signal serves as a position reference.
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agreement with the experimental spectrum (Figure S8, Support-
ing Information).

For the second compound Sr;Si, P, N, the same workflow was
chosen. Single-crystal X-ray diffraction data yielded a preliminary
formula Sr(Si, P)g(N, O)4 and, in combination with EDX mea-
surements, an experimental sum formula of Sr,Si,, P, N;._ O,
with x ~ 0.7 (Sr 18(1), Si 10(1), P 19(1), N 48(1), and O 4(1) at9%).
It crystallizes in the centrosymmetric space group Pbam (no.
55) with lattice parameters a = 9.9136(2), b = 17.5676(3), and
¢ = 8.39680(10) A.[%1 Further crystallographic data are given in
Tables S3, S6, and S7 (Supporting Information). In agreement
with Liebau’s classification of silicates, the fundamental building
block of this network is best described as an unbranched double-
chain along [100] comprising four distinct tetrahedral positions
T1'-T4 (Figure 2).12] These double chains alternate along [010]
in A-B-A-B sequence. The layers repeat along [001] in C-D-C-
D sequence, forming a complex three-dimensional network of
Q? tetrahedra with condensation degree x = 0.5, analogous to
Sr,SiP,N,. Unlike in Sr,SiP,Nq, the Sr** ions in SrsSi, PN, oc-
cupy not one but six crystallographic sites, which differ consider-
ably in terms of coordination and polyhedral volume (CN = 6-13,
V =18.3-68.5 A%). Coordination polyhedra were determined us-
ing the Charge Distribution method.?*! Tetrahedral occupancies
were further investigated for this network using atomic resolu-
tion STEM EDX. In the case of Sr;Si,P Ny, the available view-
ing direction [101] did not match an ideal viewing direction, e.g.,
[001]. That means, we examined the tetrahedral sites in doublets
of TI'+T4" and T2’+T3’ rather than individually. This can be at-
tributed to both the sample, e.g., preferred crystal orientations
and textures, and constraints of the setup, e.g., limited rotational
degrees of freedom. We measured two separate STEM EDX area
scans for both doublets, highlighted in yellow (T2'+7T3’) and red
(T1’+T4’) in Figure 3. They show in-phase EDX signals for Siand
P in both cases, suggesting that the (Si, P)-N network is not or-
dered. This becomes clear when we consider the Si:P ratio of 1:3
in SrsSi,P(N,, and the four available tetrahedral sites. Only one
doublet would show a Si signal regardless of the ordering variant.
Only an undetected superstructure would show similar signals,
for which there is no evidence on the precession images (Figure
S9, Supporting Information). Nevertheless, the absence of order
is not proof of disorder in a network. Eisenburger et al. recently
reported a highly condensed (Si, P)-N network with partial or-
der in AESiP;N, (AE = St, Ba), where T1* is fully occupied by P
and T2* by (Siy s, Pys).['*! Based on our STEM EDX data, it is not
possible to distinguish the disordered from the partially ordered
network since the EDX signal of Si and P can only be evaluated
qualitatively.

2.3. Low-Cost Crystallographic Calculations

To determine the tetrahedral occupancies of Sr;Si,P;N;,, we an-
alyzed the ordered (A), partially ordered (B), and disordered (C)
network variants (Figure 4) by low-cost crystallographic calcula-
tions. After refining each variant based on the single-crystal X-ray
data, we calculated the Ewald site energies, charge distributions
(CHARDI), bond valence sums (BVS), polyhedral volumes, and
distances of all crystallographic (Si, P)-N sites.[2*3 Since there
were insufficient reference data for mixed (Si, P)-N networks,
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Figure 4. Ordering variants of Sr5Si,PgN;¢ with A) full ordering, B) par-
tial ordering, and C) disordering of all tetrahedral sites T1'-T4’. The refine-
ments yield very similar R1 values for all cases.

the idea was that we could calculate expected values from litera-
ture data of pure Si-N and P-N networks, proportional to their
percentage composition. As an example, the volume of a (Si, s,
P, s)-N, tetrahedron is calculated as:

(V) ((Sigss5, Py7s) = N4) =0.25- V(Si—N,) +0.75- V(P - N,)
“4)

where (V) is the expected volume and V is the average volume
calculated from literature.

The expected values can be used to calculate the percentage de-
viation of the different ordering variants for each method. In this
way, the variant with the lowest mean percentage deviation is the
most probable. This approach is based on several assumptions:
1) All structure models used are of sufficiently good quality, since
all methods depend strongly on interatomic distances. 2) All net-
works are predominantly ionic, justifying the use of point charge
concepts such as Ewald summation and CHARDI. 3) Our (Si,
P)-N networks can be described as a combination of Si-N and
P-N networks and, therefore, allow for the definition of expected
values. 4) The differences in charge, size, and atomic scattering
factor of Si** and P°* lead to significant structural changes ob-
servable by single-crystal X-ray diffraction.

Based on these assumptions, an appropriate group of literature
compounds was selected. A full list is found in Table S1 (Support-
ing Information). The results of all methods and ordering vari-
ants of Sr;Si,P(N,, are shown in Figure 5. The disordered vari-
ant (C) showed the lowest mean deviation D of 1.0 %, followed
by the partially ordered variant (B) with 3.3 % and the ordered
variant (A) with 5.2 %. This is consistent with the results from
STEM EDX, where (A) has already been excluded. The deviations
from both (B) and (C) are within the range of literature com-
pounds, but D(B) more than triples compared to D(C) despite
comparatively small changes in the tetrahedral composition. Fur-
thermore, not only does the mean deviation increase from (C)
to (B), but all individual methods show the same trend. Al-
though partial ordering was observed in AESiP;N, (AE = Sr, Ba),
most compounds exhibit either ordered or disordered networks,

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Comparison of all ordering variants A)—C) of SrsSi, PgN 14 by low-cost crystallographic calculations that is Ewald site energies, CHARDI, BVS,
tetrahedral volumes, and distances. For each method, we considered the occupation of all tetrahedral positions T1'-T4’ separately, with Si (yellow), P
(green), and mixed (Si, P) (olive green). The ordering variant with the lowest mean percentage deviation from the expected values that were calculated
from literature (LIT) gives the most probable solution. LIT values are given in relative frequency.

supporting the need to consider partial ordering without over-
estimating its probability. Based on our data, we claim, that
StsSi,P(Ny, is the first anionic, disordered (Si, P)-N network.
For completeness, we also analyzed plausible ordering variants of
the other compound Sr,SiP,N, by crystallographic calculations.
Here, the ordered variant showed the smallest mean deviation of
1.1 %, while the partially ordered variant (D = 8.5 %) and dis-
ordered variant (D = 5.5 %) were considerably less congruent
(Figures S10 and S11, Supporting Information). This is in line
with our STEM EDX experiment that has already confirmed the
ordered nature of the (Si, P)-N network in Sr,SiP,N.

2.4. Luminescence

After doping with Eu?*, Sr,SiP,N,:Eu** and SrsSi,P N :Eu’t,
show cyan and orange luminescence upon irradiation with ul-
traviolet light, respectively. We measured the photoluminescence
(PL) and photoluminescence excitation spectra (PLE, Figure 6a)
on individual particles (Figure 7). Sr,SiP,N :Eu?* emits in the
cyan region with a maximum at 506 nm (M1) and a full width
at half maximum fivshm = 60 nm/2311 cm~'. The narrow emis-
sion is consistent with only one Sr site available for doping by
Eu?*. In contrast, we observe a broad emission in the PL spec-
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trum of St Si, PN, 4:Eu* starting at #500 nm and extending over
the entire spectral range with three maxima at 534 (M2), 662 (M3,
Jfwhm = 110 nm/2501 cm™'), and 745 nm (M4). This indicates
multiple distinct activator environments and is consistent with
the six chemically different Sr sites in Sr;Si,PiN;¢:Eu’*. In prin-
ciple, all sites are suitable for Eu?*-doping with respect to their
volume V = 18.3-68.5 A2.[*3] Reliable assignment of Sr sites
to emission bands is possible only with theoretical calculations
of the crystal fields and excited states of Eu?* (4/°5d").*2] Never-
theless, a comparison of the Sr sites in terms of their weighted
mean Sr—N distances (WMD(Sr-N)), effective coordination num-
bers (ECoN), and site symmetries can contribute to a better un-
derstanding of such a spectrum.[?32%1 We expect that the smaller
WMD(Sr-N) or the higher ECoN, the larger the Stokes shift,
which is due to the stronger splitting of the ligand field. In con-
trast, the higher the site symmetry, the smaller the Stokes shift,
because higher symmetry means fewer degrees of freedom for
structural relaxation. With this in mind, we divided Sr1'-Sr6’ into
four groups to assign them to maxima M2-M4: 1) Sr6’ does not
contribute to any of the visible maxima. We argue that due to
the largest weighted mean distance WMD(S16’-N) = 2.89 A and
ECoN = 9.64 its emission should be expected in the blue region.

Therefore, its absence can be explained by the chosen exci-
tation wavelength (4., = 460 nm), which is too large. 2) Sr2’

exc

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Photoluminescence excitation (PLE, dashed) and photoluminescence (PL, solid) spectra of Sr,SiP,N¢:Eu?* (green) and SrgSi,PgNqq:Eu*
(orange). Sr,SiP,N¢:Eu?* shows an emission maximum (M1) at 506 nm. SrsSi, PgN1¢:Eu?* has three emission bands at 534 (M2), 662 (M3), and 745 nm
(M4). We smoothed the data with a Gaussian filter (¢ = 2). Unfiltered spectra are provided in Figure S12 (Supporting Information). b) Comparison of
the coordination environment of possible activator sites with respect to their weighted mean Sr—N distances (WMD).
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\

Figure 7. Luminescence micrographs of individual particles of a)
Sr,SiP,Ng:Eu?* and b) SrsSi,PgNg:Eu?t, excited at 395 nm.

and Sr5’ were assigned to maximum M2 because they have
significantly larger environments (WMD(Sr2'-N) = WMD(Sr5'-
N) = 2.73 A, ECoN(St2) = 7.76, ECoN(St5’) = 6.67) than
Sr3 and Sr4 (WMD(Sr3-N) = 2.66, WMD(Sr4'-N) = 2.64 A,
ECoN(Sr3’) = 6.53, ECoN(Sr4’) = 6.07). We expect additional
splitting of M2 despite the identical weighted mean distances
since Sr5” has a lower effective coordination number and higher
symmetry than Sr2’, two factors that will reduce the Stokes shift.
However, due to the low intensity of M2, which we attribute to
reabsorption effects and poor excitation at 460 nm, no further
conclusions were drawn from the spectrum. 3) The gradual slope
of M3 suggests a superposition of several similar emission max-
ima. This fits well with Sr3’ and Sr4’ which have similar WMD
and ECoNvalues (WMD(Sr3'-N) = 2.66, WMD(Sr4'-N) = 2.64 A,
ECoN(Sr3’) = 6.53, ECoN(Sr4’) = 6.07) as well as the same site
symmetry. 4) Sr1’ has the smallest coordination environment
with WMD(Sr1'-N) = 2.55 and ECoN = 5.78, significantly smaller
than those of Sr3’ and Sr4’. Despite the higher site symmetry of
2/m, we expect for Sr1’ the strongest Stokes shift that yields M4.

3. Conclusion

We successfully synthesized two novel strontium nitridosili-
cate phosphates, namely Sr,SiP,N, and Sr;Si,P(N,,, via the
azide route at 3 GPa and 1400 °C in a multianvil press. Us-

Adv. Optical Mater. 2023, 2302668 2302668 (6 of 8)

ing a four-step workflow adapted to mixed tetrahedral networks,
we identified the structure of Sr,SiP,N,, which reveals an un-
precedented ordered (Si, P)-N network. The second compound,
SrsSi, P N, presented more challenges. Combining STEM EDX
data with low-cost crystallographic calculations provided evi-
dence for a disordered (Si, P)-N network, which is the first of
its kind to be reported. We introduced the dopant Eu** into
both compounds to investigate their luminescence properties.
Sr,SiP,Ng:Eu?" shows a narrow emission in the cyan region
at 506 nm (fwhm = 60 nm/2311 cm™'), consistent with the
structure having only one Sr site available for Eu?* doping.
SrsSi,P¢N;s:Eu** shows a broad emission with three maxima at
534, 662, and 745 nm, where we suggested an assignment of Sr
sites to the emission bands. In summary, our research represents
a significant advance in the understanding of mixed (Si, P)-N net-
works, as we have been able to demonstrate their variability in
two examples. Despite the same condensation degree and very
similar stoichiometries, both compounds exhibit fundamentally
different structures and luminescence properties, ranging from
cyan to orange. Future investigations should further explore the
compositional space of mixed networks with similar network-
forming cations, e.g., (Si, P), (Al, Si), or (Mg, Si), especially with
respect to their luminescence properties.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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