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Ternary II-IV=N, materials have been considered as a promising class of materials that combine
photovoltaic performance with earth-abundance and low toxicity. When switching from binary [l1-V
materials to ternary II-IV-N, materials, further structural complexity is added to the system that may

influence its optoelectronic properties. Herein, we present a systematic study of the reaction of
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Introduction

Most of the promising candidates as alternative solar cell
materials struggle from severe problems concerning elemental
abundance and toxicity. This prominently includes halide
perovskites that predominantly contain toxic lead,” but also
III-V materials due to the low abundance of In and Ga.** In
response to the increasing awareness of these “secondary”
judgement parameters — as opposed to a pure focus on solar cell
efficiencies - the problematic cations are being substituted by
abundant elements. The cations in III-V nitride materials are
trivalent, but there is a limited number of trivalent cations they
could be replaced with. Instead, they can be replaced by
a combination of divalent and tetravalent cations,® a similar
rationale that also stands behind the development of lead-free
double perovskites.”®

Particularly II-IV-N, nitride materials have moved into the
focus of research as they seemingly fulfil all the criteria as
outlined above. While the binary nitrides AIN, GaN and InN all
crystallise in the hexagonal wurtzite-type structure (space group
P63mc),>* the situation for the ternary compounds ZnGeN, and
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ZnSnN, is more complex. While ZnGeN, is consistently reported
to crystallise in the orthorhombic B-NaFeO,-type structure
(space group Pna2,, Fig. 1), in which the Zn** and Ge** cations
are ordered on different crystallographic sites, a variable degree
of cation disorder was observed," up to the point where full
disorder and a crystal structure in the wurtzite-type has been
observed. As to what concerns ZnSnN,, no compelling experi-
mental evidence for cation ordering has been observed so
far,’* although numerous computational studies unani-
mously identified the B-NaFeO,-type structure as the thermo-
dynamically stable crystal structure, similar to ZnGeN,.**

Fig. 1 Crystal structure representation of ZnGeN, in the B-NaFeO,-
type.® N: green, Ge: sky blue, Zn: canary yellow; coordination tetra-
hedra are drawn around the cations in the colours of the central
atoms.
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The situation becomes even more complex when taking
oxygen into account: zinc germanium oxide nitrides (ZGON)
exhibit a disordered wurtzite-type structure over a wide range of
chemical compositions.>'*™ This is insofar important as traces
of oxygen are present in virtually any nitride material and it is
thus important to disentangle the effect of oxygen on the cation
disorder from exclusive cation disorder very carefully. For this,
we studied the reaction of Zn,GeO, as ternary oxide precursor
with NH; in order to obtain powder samples with a variable
oxygen content. Using a model originally proposed by Bacher
et al.,” we studied the behaviour in the oxygen richer regime in
a previous study, where a distinct separation of two competing
processes was observed: (1) nitrogen inclusion on the one hand
and (2) Zn loss on the other hand. In accordance to Bacher et al.,
this can be formulated in two reaction steps:

anGeO4 + 2yNH3 - anGeO4,3yN2y + 3yH20 (1)

anGeO4 + 2X/3NH3 g an_XGeO4_X + X/SZI]3N2 + xH20 (2)

anGeO4 + (2x/3 + 2y)NH3 - an,xGeO4,x,3yN2y
+ x/3Zn3N, + (x + 3y)H,O

Herein, we explore the later stages of the overall reaction
where the compound is approaching the stoichiometric nitride
ZnGeN,. Through a combination of X-ray diffraction and
chemical analyses, we are able to clarify the reaction pathway,
which aids to understand the structural and electronic features
of this class of compounds.

Experimental section
Syntheses

The zinc germanium oxide nitrides were synthesised through
a two-step process as outlined earlier.>*® Briefly, Zn,GeO, was
synthesised from binary ZnO (Fisher Scientific, 99%) and GeO,
(ACROS, 99.999%) at high temperatures and was then used as
precursor in an ammonolysis reaction. For this, Zn,GeO, was
reacted in a silica glass reaction tube with 4.5 cm diameter. The
samples were treated under a N,-flux of 1.5 1 min~" during
heating (250 K h™"), and were reacted under a NH; flux of 0.15
1 min~" (99.8%, AirLiquide) during the dwelling period. Time
and temperature of the dwelling were varied between 10 h-20 h
and 835 °C-910 °C, respectively, to produce powder samples of
varying oxygen content. The exact reaction conditions of all
samples are given in the ESL

Characterisation

X-ray diffraction (XRD) data in a 26 range from 15° to 140°were
collected using a Bruker D8 Advance powder diffractometer
with Cu-K,; (A = 1.54056 A) and Cu-K ,, (A = 1.54439 A) radi-
ation. The diffraction patterns were analysed using the Rietveld
refinement method applying the FullProf Suite 3.0 software.**
The starting model for zinc germanium nitride in the
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orthorhombic B-NaFeO,-type structure was taken from Zhang
et al.” In the refinement, a linear interpolation background was
used along with a Thompson-Cox-Hastings pseudo-Voigt
profile with anisotropic line broadening correction through
spherical harmonics in the Laue class mmm.>

X-ray fluorescence spectra (XRF) were collected using
a Bruker M4 Tornado system with Rh-microfocus tube for the
determination of the cation ratios. The tube voltage was set to
50 kv. Samples were pressed to pellets with 5 mm in diameter to
avoid contamination when measuring in vacuum. Further, the
pellets offer a flat surface for focusing in order to eliminate an
undesired background. For each pellet, data on 6 different
measuring points, at least, were collected with a collection time
of 60 s per point.

Hot-gas extraction method was performed using a LECO TC-
300/EF-300 instrument to determine O and N contents. Samples
of approximately 10 mg were used for each independent
measurement. The average value of three repeated measure-
ments was taken as the final data with a relative error of 2%.

UV-VIS measurements were performed using a PerkinElmer
LAMBDA 750S with a 100 mm integrating sphere in the range of
1000-250 nm and a step-width of 2 nm. Samples were measured
in diffuse reflectance with the powders contained in silica glass
cuvettes. The light absorption was estimated from reflection
using the Kubelka-Munk function F(R) = (1 — R)*/2R (where R is
the reflectance of the sample).?* The optical bandgap was then
extracted using a Tauc-plot with [F(R) x hv]* for a direct, allowed
band gap.*

Density Functional Theory (DFT) calculations were per-
formed utilising the Vienna ab initio simulations package
(VASP 5.4.4)***” together with the projector-augmented wave
(PAW) method.>® The 2 x 2 x 2 supercells of the primitive
orthorhombic unit cell of ZGONs were constructed for the
calculations. The supercells contain 128 atoms: 36 Zn, 28 Ge,
60 N and 4 O, according to the Zn/Ge ratio of 1.28 to reflect an
experimentally accessed oxide nitride composition. The
initial structural parameters, including lattice parameters
and atomic positions were taken from the Rietveld refine-
ment results of the X-ray diffraction pattern. Given the
crystal structure of this experimentally accessed oxide
nitride that is necessarily disordered, a random distribution
of cations was generated using random shuffle*® function in
python 3.8, to reflect the disordered cations arrangement,
whereas atomic positions remained. Different oxygen-
containing supercell models were built by accommodating
all oxygen atoms in either [OZn,], [0Zn;Ge,], [OZn,Ge,] or
[0Zn,Ge;] tetrahedra. The supercell structures were relaxed
using the PBEsol*® functional until the forces on all atoms
were below 0.1 eV A™'. The lattice parameters were fixed
during the optimisation of the atomic positions (@ =
11.03078 A, b = 12.83132 A, and ¢ = 10.38778 A) in a I’-point
optimisation. A 2 x 2 x 2 I'-centred k-point mesh was used
for the subsequent total energy calculation using PBEsol.
Further, I"-point HSE06 (ref. 31) calculations were performed
for total energies of the relaxed structures in comparison to
the PBEsol values. Other parameters included a 500 eV cut-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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off energy for the plane-wave expansion, and a cut-off for the
total energy convergence of 107 ° eV.

Results
Chemical composition of the samples

It is not straightforward to determine the four elements of zinc
germanium oxide nitrides at the same time with the methods
that are easily accessible. While XRF is most reliable for zinc
and germanium, the quantisation of the oxygen and nitrogen
contents are limited by this method. Instead, oxygen and
nitrogen can be quantified using a combustive hot gas extrac-
tion method, which is specific to these elements and therefore
does not allow the determination of the Zn and Ge contents.
Therefore, both methods had to be combined to determine the
complete composition of the respective samples.

It proved useful to employ the cation and anion ratios in our
analysis, as they are easily accessible from the experimental
characterisation: the XRF measurements yielded the atomic
ratios of Zn and Ge directly, whereas the weight fractions ob-
tained for O and N [w(O) and w(N) resp.] were converted using
the respective molar masses [M(O) and M(N)]:®

n(N) w(N)M(O)

n(0) ~ w(O)M(N)

This latter treatment is facilitating the analysis, as the exact
composition of each individual compound is not known a pri-
ori. The ratio as defined above, however, does not depend on the
knowledge of the exact composition and can hence be directly
calculated on the basis of the experimentally determined values.
A clear trend between the experimentally determined Zn/Ge
ratio and the O/N ratio is evident throughout the samples
(Fig. 2). Combining the Zn/Ge and O/N ratios, it is possible to
calculate the overall composition using the general equation
Zn,,GeO,_,_3,N,, (Table 1).

The Zn/Ge ratio varies between 1 and 2, which is in line with
the compositions of the boundary compounds: stoichiometric

21 T T T T T

Zn/Ge ratio

1 I L L ! L 1 !

0 0.05 0.1 0.15 0.2

O/N ratio

0.25 03 0.35 0.4

Fig. 2 Experimentally determined Zn/Ge ratios against the experi-
mentally determined O/N ratios. The green line shows a linear fit of the
data points with f(x) = 2.42(7)x + 1.04(1).
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Tablel Experimentally determined Zn/Ge ratios and O/N ratios of the
samples in this study together with the compositions as calculated
from the formula Zn,_,GeO4_,_3,N,,. Full synthesis conditions may
be found in the ESI

Nominal

Sample number Zn/Ge ratio O/N ratio composition

1 1.91(7) 0.36(1) Zn, 91GeOg 75N5 10
2 1.28(8) 0.089(4) Zn, ,3Ge0g.18N> 07
3 1.13(1) 0.043(1) Zn,.13Ge0g 09N> 03
4 1.12(7) 0.017(1) Zn;.1,Ge0y.03N2.05
5 1.09(6) 0.016(1) 71, 49Ge00.03N5 04
6 1.06(1) 0.015(1) 7n4.06G€00.03N2.02
7 1.06(5) 0.011(1) 714 06G€00.02N2.03

ZnGeN, with Zn/Ge = 1 and Zn,GeO, with Zn/Ge = 2. While the
samples close to Zn/Ge = 1 also exhibit an O/N ratio near 0 - as
expected for ZnGeN, - the O/N ratio is only at =0.4 for Zn/Ge
reaching to 2. This is in line with our prior findings that
oxygen richer zinc germanium oxide nitrides preserve a Zn/Ge
ratio close to 2, although they already contain notable
amounts of nitrogen.

The sheer number of parameters that influence the compo-
sition of the compounds makes a straightforward analysis
difficult. It is, however, evident that the higher the amount of
starting materials is, the higher is the content of oxygen in the
product. Also, the atmosphere under which the sample was
cooled plays an important role in the resulting composition:
when cooling under ammonia, the oxygen amount is consid-
erably lower than cooling under nitrogen flow, which hints that
the reaction continues at lower temperatures during the cooling
period. Also, there is a number of samples with slightly different
compositions, although they are made at nominally similar
conditions, which is a clear sign for the complexity of the
reaction and that the reaction conditions need to be controlled
very carefully.

Crystal structure of the zinc germanium oxide nitrides

All of the compositions showed single phase patterns with the
exception of the oxygen poorest sample, where a miniscule
inclusion of elemental Ge;N, was found, which was also the
reason not to extend the study further to longer reaction times
and/or reaction temperatures. The crystal structure appears to
be different for the oxygen-poor samples, which crystallise in
the B-NaFeO,-type structure (space group Pna2,), and for the
oxygen richer samples that appear to crystallise in the wurtzite-
type structure (space group P6zmc). It should be noted that -
NaFeO,-type structure space group is a subgroup of the
wurtzite-type structure and it is hence possible to perform the
Rietveld refinements for all patterns in the lower symmetry B-
NaFeO,-type crystal structure.*

The three strongest groups of reflections between 30°-40° 26
are most indicative for the transition from the hexagonal
wurtzite-type structure to the orthorhombic B-NaFeO,-type
structure (Fig. 3). The oxygen richer samples exhibit three
reflections, in accordance to the hexagonal wurtzite-type struc-
ture. Still, the 1010 and 1011 reflections appear more and more

Chem. Sci., 2021, 12, 8493-8500 | 8495
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O/N ratio Zn/Ge ratio
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0.015(1) 1.06(1)

Intensity /a.u.

0.043(1)

0.089(4) /\ 1.28(8)
101(; 0002
0.36(1) A 1.91(7)
30 32 34 40

1.13(1)

20/r

Fig.3 XRD patternsin the region of 30°-40° 26 as a function of Zn/Ge
and O/N ratios. The hkl indices according to the hexagonal wurtzite-
type structure (black, bottom) and the hk! indices according to the
orthorhombic B-NaFeO,-type structure (grey, top) are given in the
figure.

asymmetric the lower the oxygen content becomes, until a very
clear splitting appears, which is indicative of the B-NaFeO,-type
structure. The 0002 reflection is, however, unaffected by the
group-subgroup transition, as it does not split (002 reflection in
the orthorhombic subgroup). Further, the Rietveld refinements
(Fig. 4 and ESIt) were performed using an anisotropic line
broadening correction as the 00/ reflections appear systemati-
cally narrower than the remaining reflections, indicative of an
anisotropic particle size.

Since Zn** and Ge*" as well as 0>~ and N’ are formally
isoelectronic, they are hardly distinguishable from each other using
X-ray diffraction techniques. Therefore, the Rietveld refinements
were mainly performed to confirm the overall crystal structure and
to extract the lattice parameters. While the c-parameter remains
largely unaffected over the entire composition range (Fig. 5), @ and
b vary significantly over the composition range. When approaching

Intensity /a.u.

M "
| | AL ) ! 1 |

20 40 60 80 100 120 140
207

Fig. 4 Plot of powder X-ray diffraction profile refinement with the
Rietveld method: measured intensities (black circles), calculated
profile (red line), difference between measured and calculated inten-
sities (blue line) and calculated reflection positions (black ticks).
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Fig. 5 Change of the lattice parameters a (red), b (blue) and c (green)
as a function of the O/N ratio.

stoichiometric ZnGeN,, ie. an O/N ratio of 0, the a-parameter
shrinks more significantly than the b-parameter grows leading to an
overall decrease in the unit cell volume. This can be rationalised by
regarding the Shannon radii of the cations: /Zn**) = 0.6 A and
1{Ge™) = 0.39 A. The oxide nitrides contain a ratio of Zn/Ge that is
above 1, but which reduces to 1 when approaching stoichiometric
ZnGeN,. The share of larger Zn>* cations, therefore, shrinks from
oxygen richer oxide nitrides to ZnGeN, and affects the volume in the
same way.

In order to quantify the deviation of the observed crystal
structure from an idealised wurtzite-type structure in a hexag-
onal unit cell, it is useful to compare the lattice parameters
a and b as if they were in a hexagonal setting. According to the
group-subgroup relationship between the hexagonal wurtzite-
type structure and the orthorhombic B-NaFeO,-type struc-
ture,* the orthorhombic distortion may be calculated as (ay, —
an1)/ani, where ay,, are the pseudo-hexagonal lattice parameters,
which relate to the orthorhombic lattice parameters as ap; = a,/
V3 and ay,, = b,/2. This value is lies in a range between 0 for an
ideal wurtzite-type structure and 2.27%, which is the value
observed from DFT crystal structure optimisation.***

UV-VIS measurements

A clear trend can be observed between the chemical composi-
tion of the samples (represented by the O/N ratio in Fig. 6) and
the bandgap in that the bandgap tends to decrease with rising
O/N ratio. This relationship is, however, not linear and the
samples with very low oxygen content show very similar optical
bandgaps of =3.4 eV. Further investigations on the potential
impact of cation order/disorder on this trend are currently
ongoing. It is worth mentioning that a general parabolic rela-
tionship between bandgap and O/N ratio was observed in other
recent study focussing on thin film syntheses of zinc germa-
nium oxide nitrides, which show disorder of the cations.*
Finally, an excellent review by Schnepf et al needs to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optical bandgap as a function of the measured O/N ratio.

mentioned, focussing on the influence of cation disorder on the
band gaps in this class of materials.*®

DFT calculations

To understand the reaction mechanism, we performed DFT
calculations to probe, whether the arrangement of anions and
cations are dependent of each other. For this, we compare the
total energies of different arrangements within the same overall
composition with each other (Fig. 7). The composition chosen
reflects the composition at a Zn/Ge ratio of 1.28 and hence lies
within the experimentally accessed parameter space.

It is very evident from the total energies of the different
arrangements, that oxygen prefers to be surrounded by Zn
rather than Ge. The total energies for the supercell containing
uniquely Zn coordinated O is consistently the lowest

o
5§

o
o
T

o
(9]
T

o
IS
T

o
w
T

o
)
T

o
e
T

Total energy difference per formula unit /eV

o

[OZn;] [0Zn;Ge,] [0Zn,Ge,] [0Zn,Ges]

Fig. 7 Differences of the total energies per formula unit of the
different oxide nitride supercells as a function of the oxygen coordi-
nation environment. The values for 2 x 2 x 2 k-point grid PBEsol (red)
and gamma-point HSEO6 calculations (green) are given relative to the
energy of the crystal structure, where oxygen is uniquely surrounded
by Zn. The tetrahedra depict one representative tetrahedron for each
coordination environment (O: bordeaux, Zn: canary yellow, Ge: sky
blue).
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throughout the functionals tested. The energy difference
between the [OZn,] and the [OZn;Ge,] coordinations of 125.5
meV per f.u. (HSE06) would correspond to a thermal activation
temperature of 1456 K, which is considerably above the reaction
temperatures used in this study.

Discussion
Elucidation of the reaction mechanism

As developed by Bacher," one can easily separate the overall
reaction into the part-reactions (1) nitrogen inclusion and (2) Zn
loss. As they both influence the composition of the product
Zn,_,GeO,_,_3,N,; in a different way - (1) acting upon y and (2)
acting upon x - one can disseminate the contribution of each
partial reaction from the chemical composition of the product.
This does, in fact, allow to elucidate the reaction mechanism
over the course of the reaction conditions studied and hence
allow a more targeted synthesis approach. For this, it is useful to
use the ratio of the parameters x and y as an indicator for the
relative contribution of both part-reactions. It is evident that
there is a very clear relationship between the x/y ratio and the
Zn/Ge ratio (Fig. 8) with a general formula of the linear fit of x/y
= 1.97(1) — 0.99(1)Zn/Ge. Since the relationship x = 2 — Zn/Ge
is defined through the overall formula and taking the linear fit
of the relationship between x/y and Zn/Ge into account, this
essentially means that y = 1, throughout the whole composi-
tion range in this study. This in turn means, that the nitrogen
inclusion part reaction is essentially finished and only Zn loss
proceeds through the reaction period. This essentially means
that the simplified formula Zn, ,GeN,O;_, can be used as
a convenient first approximation to the accurate chemical
composition, which can be determined on the basis of the Zn/
Ge ratio.

It is important to put this finding in the perspective of the
overall reaction: while we studied the later stages of the reaction
herein, and for which these results are valid, the earlier stages of
the reaction do not necessarily follow the same scheme. In
a previous study,” we produced zinc germanium oxide nitrides

09 | T 1

0.8 b
07 | 1
06 b

05 i

X/y ratio

04 b

03 | 1

02 b

01 .

1 1.1 1.2 13 14 15 1.6 17 18 1.9 2
Zn/Ge ratio

Fig. 8 x/y ratio as a function of the Zn/Ge ratio throughout the
composition range. The green line depicts a linear fit of the data.
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with higher oxygen contents that were crystallising in the
wurtzite-type. In this oxygen richer regime, a clear transition in
the reaction scheme could be observed, in that we obtained
compositions containing variable amounts of nitrogen while
still maintaining a Zn/Ge ratio close to 2 (and in fact sometimes
even higher than 2 - a fact that is probably due to slight loss of
Ge, potentially in the form of volatile GeO). For these earlier
stages, the nitrogen inclusion reaction is not completed, and
therefore implying a limitation of the model developed herein
to the later stages of the reaction. Those are signified by a Zn/Ge
ratio notably below 2. Given that the oxygen poorer compounds
crystallising in the B-NaFeO,-type crystal structure are the
relevant stage for potential cation order/disorder phenomena,
we believe that the mechanistic description of this reaction
period is most important for further understanding of the
materials properties.

Verification and implications of the reaction model

From a purely formal point of view, one can understand the
simplified general formula Zn, ,GeN,O;_, as a linear combination
of the form kZnGeN, + (1 — k)ZnO, where k = 1/(2 — x). Purely
formal in the sense that there is no evidence from the structural
point of view that the compound is separated in ZnGeN, and ZnO,
but it forms a uniform body. This treatment is, nonetheless, useful
as it allows determine the parameter k directly and independently
over the cation (k.) and the anion ratios (k,) and thereby allows an
effective way to probe the model for its validity. The parameters are
defined with the following formulae, where n(X) are the respective
molar amounts:

k. = n(Ge)/n(Zn)
k.= 1/(2 x [n(O)/n(N)] + 1)

While the fit (Fig. 9) suffers from relatively large experi-
mental errors, there is a clear trend between k, and k., which

08

0.5 L L 1 L L L L L
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

ka

Fig.9 Plot of the parameter k as calculated from the cation ratio (k¢) in
dependence of the same parameter as calculated from the anions ratio
(ka). The blue line signifies the linear fit k. = 1.04(5)k, — 0.08(5).
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can be fit with a linear trend as k. = 1.04(5)k, — 0.08(5). The
deviation of this trend from a 1 : 1 behaviour is not statistically
significant and this, therefore, underlines the general assump-
tion of the model that the nitrogen inclusion is virtually
complete.

From a structural point-of-view, the simplification of the
general formula from Zn,_,GeO,_._3N,, to Zn, ,GeN,O;_,
also implies that one would not expect an extended amount of
defects on either the cation or the anion sites.

With the formal splitting of the reaction product into
ZnGeN, and ZnO, as outlined above, the question poses as to
whether this is simply a formalism, or may comport a true
physical value. The latter could further be reasoned by the fact
that ZnO crystallises in the wurtzite-type structure, and hence
isostructurally to oxygen richer zinc germanium oxide nitride.
Further, the lattice parameters of ZnO (a = 3.25 A, ¢ = 5.21 A)”?
at room-temperature are not too dissimilar to those of oxide
rich zinc germanium nitrides (e.g. Zn; »5Gey.50N;1 20065 @ = 3.21
A, c=520A)°

Structural features of the compounds

The X-ray diffraction patterns show no evidence of two distinct
phases, however, even if they were isostructural in the wurtzite-
type structure. Nonetheless, the formal separation in ZnGeN,
and ZnO is insofar useful as it may give a hint, why the Zn
extrusion proceeds seemingly independent of the nitrogen
inclusion. It is evident from the DFT calculations that oxygen
energetically prefers the coordination with Zn, while the Ge
atoms are preferably coordinated with nitrogen. Therefore, it is
quite probable that zinc germanium oxide nitrides include local
ordering in a way that there may be Zn and O richer regions and
regions with a Zn : Ge ratio closer to 1 and a higher nitrogen
content. The bonding distances are greatly influenced by the
clustering of Zn and O (Fig. 10): When oxygen is solely sur-
rounded by Zn, the optimised bond distances all exist in
a narrow region in a range 1.9307 A <dyy_0<2.0077 A. The more
Ge enters the oxygen coordination, the more scattered become
the bonding distances with the Ge-O distances generally lying
below the Zn-O distances. Further, a Zn-O bond weakening
expressed through longer distances can be observed when the
bonding environment contains more Ge. Interestingly, the Ge-
N and Zn-N distances are much less affected by the different
environments (Fig. S21), which is mainly due to the sheer
predominance of these bonds against Zn-O and Zn-N bonds.
This is also seconded by the structural findings: the oxygen
poor samples, i.e. those where Zn and O rich regions would be
scarce, crystallise in the B-NaFeO,-type structure, while the
oxygen richer samples crystallise in the wurtzite-type structure
(Fig. 3). At first sight, one would expect anisotropic coordination
tetrahedra around the Zn>" and Ge*" tetrahedra from a crystal
chemical point-of-view, since both cations have different radii,
and an ordered structure such as the B-NeFeO,-type structure
would be preferred. The situation is insofar different for the
oxygen richer samples, as the ordering is happening on a local
level here, but diffraction probes a volume average of the crystal
structure. The result of this averaging would be a disordered
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Fig. 10 Histograms of the Zn-O (yellow) and Ge-O (blue) bond
distances in the DFT-optimised structures. The histograms are ordered
by the coordination environments of the oxygen atoms in the
structures.

higher symmetry structure in the wurtzite-type structure as the
aristotype of the B-NaFeO,-type structure.

Prediction of reaction outcome

Combining the information on the chemical reaction with that
on the structural transition, it is possible to model the reaction
propagation in the dwelling time/reaction temperature param-
eter space based on the orthorhombic distortion as defined by
the orthorhombic distortion parameter Aa/a; = (ans — @n1)/ana
as defined previously. There is a clear relation between the
lattice parameters a, and b, with the chemical composition
(Fig. 5), and the orthorhombic distortion - as a value that is
simple to obtain experimentally - may be taken as indication for
the chemical composition. Since the orthorhombic distortion
does not vary largely any more after having approached
a plateau of 2.223%, this value was taken as a constant in well-
ordered samples. Earlier stages of the reaction propagation
were modelled using Arrhenius-type exponential functions both
for reaction temperature and dwelling time (Fig. 11).

The temperature window, in which samples with maximal
orthorhombic distortion and without significant amounts of
side phases were obtained is relatively narrow, whereas the
effect of the dwelling time appears to be less pronounced. While
20 hours reaction time at 865 °C were needed to reach maximal
orthorhombic distortion, six hours at 910 °C were sufficient.
One of the particularities we found in this synthesis is the
seemingly abrupt change in the distortion in a narrow reaction
condition range. For two samples with nominally identical
reaction conditions (T = 880 °C, t = 10 h), we even experi-
mentally obtained significantly different orthorhombic
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Fig.11 Heatmap of the orthorhombic distortion Aa/a; versus dwelling
time and reaction temperature. Full details of the reaction conditions
may be found in the ESI.{

distortions of 1.00(7)% and 2.18(7)%. These reaction conditions
mark the turning point and lie right at the edge of the red area
of maximally distorted samples in Fig. 11. Minimal variations in
the reaction conditions such as small fluctuations of the
furnace temperature through differences in fume cupboard
venting, which are not fully controllable may play a decisive role
at the transition line. It would therefore be advisable to either
prolong the reaction dwelling time or reaction temperature in
order to avoid this degree of uncertainty.

Conclusions

The reaction of Zn,GeO, with NH; is formally separated in two
reaction steps, but we could clearly show that the two partial
reactions proceed in a very specific scheme in that nitrogen is
introduced in the structure first, before Zn and O are extruded.
This finding offers a more systematic insight into the reaction
and allows a more targeted synthesis of these materials. Given
the anticipated importance of this class of materials as earth-
abundant photovoltaic materials, this opens the possibility of
systematic studies of cation disorder as a function of the oxygen
content.

Our chemical study is seconded by structural investigations
with X-ray powder diffraction that shows a structural change
from the hexagonal wurtzite-type structure for oxygen richer
zinc germanium oxide nitrides to the orthorhombic f-NaFeO,-
type structure for the oxygen poorer zinc germanium nitrides.
Our complementary DFT study suggests that this may be an
effect of intimate intermixing of zinc and oxygen rich domains
with zinc germanium nitride approximant domains on a strictly
local level. We finally elucidated the optical bandgaps pf the
materials and show their relationship to the composition. With
bandgaps in the range of 2.7-3.4 eV, the zinc germanium oxide
nitrides are probably not directly usable as photovoltaic mate-
rial, but they form a potent model system to understand the
general trends inherent to II-IV-N, nitride materials. It will be
most important to shine further light on the exact structural
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effects during this reaction, in order to fully understand the
relationship between chemical composition, crystal structure
and optoelectronic properties.

Author contributions

Z.Y. W, J. B. and S. S. discussed the work and designed the
work plan; Z. Y. W. performed the experimental preparation and
preliminary data analysis; S. B. and M. L. performed the hot gas
extraction analysis; D. F. performed the quantum chemical
calculations with input from Z. Y. W.; J. B. wrote the manuscript
with inputs from all authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to acknowledge the MatSEC graduate
school of Helmholtz-Zentrum Berlin for providing a student-
ship for Z.Y.W. The authors thank René Gunder and Lars
Steinkopf for technical assistance with powder X-ray diffraction
and X-ray fluorescence, respectively.

References

1 E. T. McClure, M. R. Ball, W. Windl and P. M. Woodward,
Chem. Mater., 2016, 28, 1348-1354.

2 ]J. Breternitz, S. Levcenko, H. Hempel, G. Gurieva, A. Franz,
A. Hoser and S. Schorr, JPhys Energy, 2019, 1, 025003.

3 F. Igbari, Z.-K. Wang and L.-S. Liao, Adv. Energy Mater., 2019,
9, 1803150.

4 A. A. Yaroshevsky, Geochem. Int., 2006, 44, 48-55.

5 J. Breternitz, Z. Wang, A. Glibo, A. Franz, M. Tovar,
S. Berendts, M. Lerch and S. Schorr, Phys. Status Solidi A,
2019, 216, 1800885.

6 A.D. Martinez, A. N. Fioretti, E. S. Toberer and A. C. Tamboli,
J. Mater. Chem. A, 2017, 5, 11418-11435.

7 Z. Deng, F. Wei, S. Sun, G. Kieslich, A. K. Cheetham and
P. D. Bristowe, J. Mater. Chem. A, 2016, 4, 12025-12029.

8 E. Meyer, D. Mutukwa, N. Zingwe and R. Taziwa, Metals,
2018, 8, 667.

9 H. Schulz and K. H. Thiemann, Solid State Commun., 1977,
23, 815-819.

10 W. Paszkowicz, R. éerny and S. Krukowski, Powder Diffr.,
2003, 18, 114-121.

11 C. L. Melamed, J. Pan, A. Mis, K. Heinselman, R. R. Schnepf,
R. Woods-Robinson, J. J. Cordell, S. Lany, E. S. Toberer and
A. C. Tamboli, J. Mater. Chem. C, 2020, 8, 8736-8746.

12 P. C. Quayle, Acta Crystallogr., Sect. A: Found. Adv., 2020, 76,
410-420.

13 P. C. Quayle and J. Breternitz, Acta Crystallogr., Sect. A: Found.
Adv., 2021, 77, 217-221.

8500 | Chem. Sci, 2021, 12, 8493-8500

View Article Online

Edge Article

14 S. Lany, A. N. Fioretti, P. P. Zawadzki, L. T. Schelhas,
E. S. Toberer, A. Zakutayev and A. C. Tamboli, Phys. Rev.
Mater., 2017, 1, 035401.

15 M. Wintenberger, M. Maunaye and Y. Laurent, Mater. Res.
Bull., 1973, 8, 1049-1053.

16 Y. Lee, H. Terashima, Y. Shimodaira, K. Teramura, M. Hara,
H. Kobayashi, K. Domen and M. Yashima, J. Phys. Chem. C,
2007, 111, 1042-1048.

17 F. Tessier, P. Maillard, F. Cheviré, K. Domen and S. Kikkawa,
J. Ceram. Soc. jpn., 2009, 117, 1-5.

18 F. Tessier, P. Maillard, Y. Lee, C. Bleugat and K. Domen, J.
Phys. Chem. C, 2009, 113, 8526-8531.

19 P. Bacher, G. Roult, M. Ghers, O. Merdrignac, J. Guyader and
Y. Laurent, Mater. Chem. Phys., 1989, 21, 223-235.

20 R. Viennois, T. Taliercio, V. Potin, A. Errebbahi, B. Gil,
S. Charar, A. Haidoux and J.-C. Tédenac, Mater. Sci. Eng., B,
2001, 82, 45-49.

21 J. Rodruigez-Carvajal, FullPROF version 3.0, 2001.

22 Q.-H. Zhang, J. Wang, C.-W. Yeh, W.-C. Ke, R.-S. Liu,
J.-K. Tang, M.-B. Xie, H.-B. Liang and Q. Su, Acta Mater.,
2010, 58, 6728-6735.

23 J. Rodriquez-Carvajal and T. Roisnel, Mater. Sci. Forum, 2004,
443-444, 123-126.

24 P. Kubelka and F. Munk, Z. Tech. Phys., 1931, 12, 593-601.

25 J. Tauc, Mater. Res. Bull., 1968, 3, 37-46.

26 G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 47, 558-561.

27 G. Kresse and J. Furthmiiller, Comput. Mater. Sci., 1996, 6,
15-50.

28 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953-17979.

29 G. van Rossum and F. L. Drake, The python language
reference, Python Software Foundation, 2014.

30 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Phys. Rev. Lett., 2008, 100, 136406.

31 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207-8215.

32 J. Breternitz and S. Schorr, Acta Crystallogr., Sect. A: Found.
Adv., 2021, 77, 208-216.

33 T. R. Paudel and W. R. L. Lambrecht, Phys. Rev. B: Condens.
Matter Mater. Phys., 2008, 78, 115204.

34 P. C. Quayle, E. W. Blanton, A. Punya, G. T. Junno, K. He,
L. Han, H. Zhao, J. Shan, W. R. Lambrecht and K. Kash,
Phys. Rev. B: Condens. Matter Mater. Phys., 2015, 91, 205207.

35 C. L. Melamed, M. B. Tellekamp, J. S. Mangum, J. D. Perkins,
P. Dippo, E. S. Toberer and A. C. Tamboli, Phys. Rev. Mater.,
2019, 3, 051602.

36 R. R. Schnepf, J. J. Cordell, M. B. Tellekamp, C. L. Melamed,
A. L. Greenaway, A. Mis, G. L. Brennecka, S. Christensen,
G. J. Tucker, E. S. Toberer, S. Lany and A. C. Tamboli, ACS
Energy Lett., 2020, 5, 2027-2041.

37 S. C. Abrahams and J. L. Bernstein, Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem., 1969, 25, 1233-1236.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00328c

	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c

	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c

	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c

	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c
	Elucidation of the reaction mechanism for the synthesis of ZnGeN2 through Zn2GeO4 ammonolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00328c


