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Facile One-step Synthesis of Zn,_ Mn,SiN, Nitride Semiconductor
Solid Solutions via Solid-state Metathesis Reaction
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Abstract. We report on the synthesis of the II-IV-N, semiconductors
ZnSiN,, MnSiN,, and the Zn;_Mn,SiN, solid solutions by a one-step
solid-state metathesis reaction. The successful syntheses were carried
out by reacting the corresponding metal halides with stoichiometric
amounts of silicon nitride and lithium azide in sealed tantalum am-
poules. After washing out the reaction byproduct LiCl, powder X-ray
diffraction patterns were indexed with orthorhombic space group
Pna?2,. Single phase products were obtained without applying external
pressure and at a moderate reaction temperature of 700 °C. The re-

sulting ZnSiN, was found to consist of nano-sized grains and needle-
shaped nano-crystals. With increasing manganese content in the
Zn,_Mn,SiN, solid solution, we found the reaction product to be in-
creasingly crystalline. Both the cell parameters and the bandgap values
across the different compositions of the solid solutions change linearly.
The sample Zn 9sMn (sSiN, synthesized by means of solid-state me-
tathesis reaction is an intense red emitter with a broad emission maxi-
mum at A, = 619 nm when excited with ultraviolet light after anneal-
ing the sample at a pressure of 6 GPa and a temperature of 1200 °C.

Introduction

Grimm-Sommerfeld type III-V semiconductors have be-
come indispensable for many forefront semiconductor technol-
ogies. These materials are regularly used for optoelectronic ap-
plications, such as solid-state lasers,[!! light-emitting diodes,*!
and photovoltaics.?! In particular, the material gallium nitride,
GaN, and its respective solid solutions (Al,Ga,In)N are most
essential for various applications. All of these compounds are
structural and electronic analogues to the group IV element
silicon, which is the pillar for almost all semiconductor elec-
tronics. Due to the scarcity of gallium, synthesis and investiga-
tion of the II-IV-V, materials, which are themselves structur-
ally and electronically closely related to the III-V semi-
conductors, have recently become of great interest.*!

The II-IV-V, compounds crystallize in space group Pna2,,
the crystal structure and its group-subgroup relation to the
wurtzite structure type with space group P6;mc are summa-
rized in Figure la. The II-IV-V, compounds can be synthe-
sized for a broad variety of different elemental compositions,
all of which are semiconductors with bandgap values that span
over a wide range between 0.4 and 5.7 eV. The lattice con-
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stants of the II-IV-V, compounds are similar to those of the
respective III-V semiconductors and to those of silicon, en-
abling the construction of hybrid devices.>8!

Of particular interest are the II-IV-V, nitridosilicates, nitri-
dogermanates and nitridostannates (IV = Si, Ge, Sn) which
feature similar structural, optical and electronic properties as
the (Al,Ga,In)N compounds.®! The compound MnSiN, takes
a special role among the known II-IV-V, nitridosilicates. It
is the only open-shell transition metal nitridosilicate, which
crystallizes in a wurtzite-related structure. MnSiN, was found
to display remarkably robust anti-ferromagnetic ordering with
an exceptionally high Néel temperature for Mn?* compounds
of Ty =490 K. It was furthermore found that a substantial
amount of magnetic frustration must be present in this mate-
rial."% The Zn-IV-N, nitrides span over a range of lattice con-
stants and bandgaps, from 1.4 eV for ZnSnN, to 4 eV for
ZnSiN,.!"'=131 Among the II-IV-N, compounds, the zinc nitri-
dosilicate ZnSiN, has so far only been scarcely investigated,
due to the challenging accessibility of the material. ZnSiN, has
a bandgap of approximately 4 eV, and its ratio of lattice con-
stants to bandgap falls right between those of AIN and GaN.
It, furthermore, displays an excellent electronic band-structure
tunability, which can be modified by chemical substitution.
Last but not least, it consists of earth-abundant elements and
has been found to be rather stable in air and at elevated tem-
peratures. However, the synthesis of ZnSiN, has been found
to be challenging. The compound has so far only been obtained
by three highly specialized, onerous syntheses methods: Ini-
tially, ZnSiN, was obtained by high-pressure/high-temperature
synthesis technique using a belt-type apparatus at a pressure
of 6.5 GPa and a temperature of 1500 °C starting from Zn;N,
and SizN,.1'"* Zn;N, was prepared via an ammonia gas stream
reaction, while the resulting nitride is not stable in air or at
temperatures above 500 °C. Secondly, ZnSiN, has been syn-
thesized as deposited thin films by metalorganic vapor phase
epitaxy (MOVPE) or molecular beam epitaxy (MBE) tech-
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Figure 1. (a) Structure and subgroup relations of the compounds GaN
and ZnSiN,.[?!! (b) PXRD pattern of MT-ZnSiN, in blue and of
(c) HP-ZnSiN, in green with some of the most prominent reflections
marked with dotted red lines. (d) Calculated PXRD pattern of
HP-ZnSiN, with the most prominent reflections indexed.

niques."'>! Thirdly, ZnSiN,, is accessible by an ammonothermal
approach using super-critical ammonia as the solvent at 600 °C
in custom made autoclaves.!!®!7]

Herein, we report on a facile, one-step synthesis method
with which ZnSiN,, MnSiN,, and the entire solid solution
series Zn;_,Mn,SiN, can be prepared without applying exter-
nal pressure, using ZnCl, as zinc source. We furthermore show
how the bandgap evolves within this system, and compare our
results to high-pressure annealed, highly-crystalline HP-
ZnSiN,.

Experimental Section

Due to the starting materials’ high sensitivity to moisture and oxygen,
all reagents were handled in an argon-filled glovebox (Unilab,
MBraun, Garching, O, < 1 ppm, H,O < I ppm). Representatives of
the solid solution series with the general sum formula Zn;_Mn,SiN,
were synthesized in sealed tantalum ampoules. The starting materials
MnCl, (Alfa Aesar, 99.99 %), ZnCl, (Alfa Aesar, 99.99 %), Si;N,
(UBE, SN-E10) and LiN; (synthesized according to the method re-
ported by Hofman-Bang)!'® were mixed with an agate mortar in stoi-
chiometric amounts and filled into tantalum ampoules that sub-
sequently were weld shut and heated in evacuated silica tubes to
900 °C in 5 h. The temperature was kept for 24 h and then cooled
down to room temperature within 5 h. To remove LiCl, the resulting
powders were washed with water and subsequently dried under air. All
synthesized samples are insensitive towards the reaction with water
and oxygen. Annealing of ZnSiN, was done at a pressure of 6 GPa
and a temperature of 1200 °C for 1 h using a Walker-type multianvil
assembly.!1*!

Powder X-ray diffraction data were collected on a STOE Stadi P dif-
fractometer with Mo-K,,; radiation (1 = 0.7107 A) in parafocusing De-
bey-Scherrer setup with a Ge(111) monochromator and a Mythen 1 K
detector. Samples were ground and sealed in a glass capillary with
0.3 mm inner diameter and 0.01 mm wall thickness (Hilgenberg, Ger-
many). LeBail-extractions were performed with the GSAS-II crystallo-
graphic software package.!*”!

Transmission electron microscopy (TEM) investigations were per-
formed on finely ground samples of ZnSiN,, which were dispersed in
absolute ethanol and drop-casted on copper finder grids coated with a
holey carbon film (S166-2, Plano GmbH, Germany). The grids were
fixed on a double-tilt holder and investigated in a FEI Titan Themis
60-300 equipped with a monochromator, Cs-corrector and win-
dowless, 4-quadrant EDX-detector. The TEM was operated at 300 kV
and the images were recorded using 4k*4k FEI Ceta CEMOS-CCD
camera. SAED data were evaluated using the programs Digital Micro-
graph and JEMS. EDX data were processed with ES Vision.

UV/Vis measurements on powder samples were conducted in PTFE
sample holders on a Jasco V-650 UV/Vis spectrophotometer equipped
with two 500 mm Czerny-Turner monochromators, 1800 1/mm lat-
tices, and 250/500 nm lamps, with a spectral range from 230 to
800 nm.

Supporting Information (see footnote on the first page of this article):
Diffuse reflectance spectra of Zn;_Mn,SiN, for x = 0.0, 0.2, 0.4, 0.6,
0.8, 1.0.

Results and Discussion

PXRD Pattern of ZnSiN,

Figure 1b—d display the powder XRD patterns of the
ZnSiN,, (b) synthesized by metathesis reaction pathway (in the
following denoted as MT-ZnSiN,), (c) by a high-pressure and
high-temperature annealing route (in the following denoted as
HP-ZnSiN,), and (d) the calculated PXRD pattern of the HP-
ZnSiN,. The PXRD pattern of washed MT-ZnSiN,, shown in
1(b), was obtained from products synthesized by solid-state
metathesis reaction according to the formal reaction equation:

3ZnCl, + SisN, + 6LiN; — 3ZnSiN, + 6LiCl + 8N,
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Solid-state metathesis reactions have recently been applied
for various ion-exchange reactions as a powerful tool to access
metastable or kinetically hindered phases. These reaction path-
ways have been found to be especially useful for the synthesis
of novel nitridosilicates and nitridoaluminates, which are chal-
lenging to access by conventional solid-state synthesis meth-
0ds.[22:23] The PXRD pattern resulting from the reaction prod-
uct can be clearly attributed to a II-IV-V, compound, corre-
sponding to ZnSiN,, as indicated by the most prominent reflec-
tions of the calculated HP-ZnSiN, structure. Both compounds
crystallize in orthorhombic space group Pna2; (no. 33) and
can be derived from the wurtzite structure type by ordering of
tetrahedrally coordinated Zn?* and Si**. This ordering can be
verified by the first two superstructure reflections (110) and
(011), which do not occur for ZnSiN, synthesized from molec-
ular precursors.!?*2> The reflections of MT-ZnSiN, are found
to be fairly broad, indicating the small particle size of the re-
sulting product pictorially highlighted by TEM. The crystal-
linity of MT-ZnSiN, could not be improved by the use of ex-
cess LiCl (flux method) or by longer annealing periods of the
products. Instead MT-ZnSiN, was found to decompose, when
reacted for longer than the optimal reaction time of one hour
at 900 °C. MT-ZnSiN, was found to be white in color with a
faint yellow touch. The cell parameters of MT-ZnSiN, for
space group Pna2, were determined by a LeBail-fit!?®! and are
a=5.2578(9) A, b=6.303(2) A, and ¢ = 5.0287(9) A.

In Figure 1c, we show the PXRD pattern of HP-ZnSiN,,
which was synthesized by annealing of the MT-ZnSiN, at a
pressure of 6 GPa and a temperature of 1200 °C for 1 h. The
product of this annealing reaction is found to be single phase
ZnSiN, with very sharp reflections, indicating a high crystal-
linity. The cell parameters of the HP-ZnSiN, for space group
Pna2, were determined by a LeBail-fit and are a = 5.24673(3)
A, b=6.27941(6) A, and ¢ = 5.02249(2) A. The fitted PXRD
pattern of HP-ZnSiN, is shown in Figure 1d, with the most
prominent reflections indexed and extended as dotted lines to
the observed diffraction pattern of MT-ZnSiN, and HP-ZnSiN,
matching the ones in the calculated diffraction pattern. For the
sample synthesized under high pressure, all lattice parameters
are slightly smaller than MT-ZnSiN,, which was synthesized
at significantly lower pressure.

TEM of ZnSiN,

For comparison of the crystal shape and the crystal size of
MT-ZnSiN, and HP-ZnSiN,, we have performed transmission-
electron-microscopy (TEM) measurements. Specifically, we
have obtained bright-field images, and performed selected area
electron diffraction (SAED) and energy dispersive X-ray spec-
troscopy (EDX) measurements. The bright-field images of the
sample obtained by high-pressure synthesis revealed very good
crystallinity. The single crystals were found to be all larger
than 3 pm in size. The crystallite shown in Figure 2a is repre-
sentative for the whole sample. The EDX measurements con-
firmed the chemical composition with an average for the
atomic ratio Zn:Si of 1.3:1.6. The orthorhombic metrics of
space group Pna2, for HP-ZnSiN, was confirmed by SAED

tilt-series, two representative patterns obtained along the [011]
and the along [112] directions with some highlighted reflec-
tions are shown in Figure 2b and d.

. .
. 100
o

Figure 2. (a) Bright-field image of representative HP-ZnSiN, crystal
out of the sample obtained by high-pressure synthesis. (b) Experimen-
tal SAED patterns along [011] and (c) along [112] directions with
exemplary reflections labeled with indices.

Due to the broad reflections in the PXRD pattern of the
sample from solid-state metathesis reaction, the crystal size of
MT-ZnSiN, can be expected not to exceed the sub-micron or
even the nanometer range. This assumption was verified by
our TEM measurements. With bright-field images, we ob-
served two morphologies for the MT-ZnSiN, sample. On the
one hand we found geometrically ill-defined nanometer-size
grains with a maximum diameter of 50 nm, on the other hand,
we observed well-defined needle shaped nanometer-sized crys-
tals with a maximum length of 500 nm. However, the diffrac-
tion volume is low in both cases, resulting in challenging dif-
fraction data. Representative bright-field images of the nano-
meter sized grains are shown in Figure 3a, while the nanometer
sized needle-like crystals are shown in Figure 3c. The observed

Figure 3. Bright-field images of representative particles of the MT-
ZnSiN, sample, consisting of (a) nano-sized grains and (c) of needle-
shaped nano-crystals. The corresponding experimental SAED patterns
are shown for (b) the nano-sized grains and for the (d) needle-shaped
nano-crystals. All SAED patterns were taken along the [210] direc-
tions, and exemplary reflections are labeled with indices.
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Figure 4. (a) PXRD pattern of the Zn,_,Mn,SiN, solid solution for x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 synthesized by means of solid-state metathesis,
with the theoretical PXRD pattern depicted on the bottom of the Figure. (b) Evolution of cell parameters of the Zn;_,Mn,SiN, solid solution as

a function of composition.

SAED are displayed in Figure 3b for the nanometer-sized
grains and in Figure 3d for the needle-like nano-crystals. The
observed metric of both morphologies correspond very well
with the orthorhombic structure model of ZnSiN,. For the
nano-sized grains reflections (111), (200), and (121) along the
[210] direction are marked in the Figure for the isotropically
averaged values. In the case of the needle-shaped nano-crystals
the SAED pattern can be fully indexed along the [210] direc-
tion. Within the accuracy of EDX, we find particles of both
morphologies to be in agreement with a chemical composition
that corresponds in average to an atomic ratio Zn:Si = 1.1:1.8.

The ZnSiN,-MnSiN, Solid Solution

By means of solid-state metathesis reaction, we find the
whole ZnSiN,-MnSiN, solid solution to be accessible. All
samples were synthesized according to the general formula:

(3*)C)MHC12 + xZnC12 + Si3N4(am0rph) + 6L1N3 e 3Zn1,anxSiN2 +
6LiCl + 8N,

The PXRD pattern of the synthesized products of the series
Zn,_ Mn,SiN, for x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 are depicted
in Figure 4a. All samples are found to be of single phase with
no additional reflections after washing and no splitting of any
of the reflections. This indicates complete miscibility for the
entire range of the solid solution. For the solid solution mem-
bers close to ZnSiN, composition we find broad reflection
peaks, corresponding to the nano-size grains (as discussed for
MT-ZnSiN,, above). For increasing manganese content the re-
flections become sharper, which corresponds to an increasing
crystallinity of the samples. The linearly increasing cell param-
eters are illustrated in Figure 4b. All lattice parameters follow
Vegard’s law as it is expected for this type of isostructural
solid solution.t?”]

The bandgap evolution across the solid solution series was
investigated by diffuse reflectance spectroscopy (Figure S1,
Supporting Information) and is illustrated in Figure 5. The Ku-
belka-Munk function F(R) = (1-R)*/2R with R = reflectance

was used to calculate pseudo-absorption spectra.?®! The sub-
plot in Figure 5 illustrates the Tauc plots which were used for
bandgap determination, assuming a direct transition for each
sample.??! The observed absorption bands in the spectra of
ZnSiN, and MnSiN, were primarily attributed to direct transi-
tions due to the similarity of direct and indirect bandgaps in the
materials.['®2!! Direct transitions for the solid solutions were
assumed according to previously reported DFT calculations.!”!
The bandgap of the boundary phases ZnSiN, (3.7 eV), and
MnSiN, (3.4 eV) are well between the range expected from
literature,!'®2!1 and the bandgap of the solid solution
Zn;_Mn,SiN, is linearly decreasing with increasing x. Again,
following the trend expected for this kind of solid solution and
stressing the tunability of the bandgap.

1.0

30 32 34 36 38

Optical Bandgap (eV)

3.6 -
hv (eV)

7 m Band energy [eV]
35 — linear fit f(x) = a + bx
i a=373+0.02

b=-0.31+0.04
T R’=0.95
3.4 -
| ' I ' I ! I ! I ! 1
1.0 0.8 0.6 0.4 0.2 0.0

X in Zny_,Mn,SiN,

Figure 5. Bandgap evolution in Zn,_ Mn,SiN, as obtained from UV/
Vis measurements. The top left sup-plot illustrates the Tauc plots for
each solid solution and was used for bandgap evaluation.

By incorporating a small amount (ca. 5%) of Mn?* into the
ZnSiN, host lattice, we expected broad red emission, which
was earlier assigned to the “T,—%A, transition of the Mn?* ion
in this type of host lattice.*°! Emission from Mn?* ions has
been reported for the isostructural host lattices ZnSiN,,
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7ZnGeN,, and MgSiN,.[3!-32I The sample with nominal compo-
sition MT-Zng 9sMng osSiN, synthesized by means of solid-
state metathesis reaction does, however, not show any photolu-
minescence properties, for any of the tested excitation wave-
lengths within a range of 250 nm < Acgitation < 600 nm. Only
after annealing the MT-sample at a pressure of 6 GPa and a
temperature of 1200 °C for 1 h, we found the sample to be an
intense red emitter with maxima in the excitation spectra at
Aexe=255nm  and a broad emission maximum at
Amax.emi = 019 nm. The photoluminescence excitation and
emission spectra of ZnSiN,:Mn?* at room temperature are
shown in Figure 6. The dominating excitation band can be as-
cribed to the host absorption transition.

. HP-ZnSiN,:Mn i
I ! -
‘\ 5% Mn?*
'
1 = excitation P
\ - emission Ml ) =619 nm
R
] '
N i
© i
£ \
g i
= \
- 1
I
o \
E |
\
!
\\ e
)
“"wsJ“.f
250 500 750

wavelength & [nm]

Figure 6. Photoluminescence excitation and emission spectra of the
high-pressure annealed Zng 9sMng o5SiN, sample.

Conclusions

We have reported on the synthesis of the II-IV-N, semi-
conductors ZnSiN,, MnSiN,, and the Zn,_ Mn,SiN, solid
solution by a one-step solid-state metathesis reaction. We have
shown that these compounds can be obtained by reacting the
corresponding metal halides with stoichiometric amounts of
silicon nitride and lithium azide. All obtained phases could be
indexed using the orthorhombic space group Pna2;, corre-
sponding to the wurtzite-type superstructure.

We have found that this reaction pathway yields single phase
products without applying external pressure and at a moderate
reaction temperature of 700 °C and states a more accessible
reaction pathway for ZnSiN,. The resulting ZnSiN, was found
to consist of nano-sized grains and needle-shaped nano-crys-
tals, resulting in a PXRD pattern with broad reflections. With
increasing manganese content in the Zn;_ Mn,SiN, solid solu-
tion, we found the reaction product to be increasingly crystal-
line. Both the cell parameters and the bandgap across the dif-
ferent compositions of the solid solution change linearly, dis-
playing good optical bandgap tunability, and resulting in a pos-
sible changeability of properties. The sample Zng osMng 5SiN,
synthesized by means of solid-state metathesis reaction be-
comes an intense red emitter with a broad emission maximum

at Aemission = 019 nm when excited with ultraviolet light after
annealing the sample at a pressure of 6 GPa and a temperature
of 1200 °C. The complete solid solution represents a con-
tinuous transition from a Mn* [Ar]3d> configuration to a Zn>*
[Ar]3d!° configuration, which potentially could be the subject
of a more detailed study of the strong magnetic interactions
due to superexchange.
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