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Ternary nitride materials, such as ZnGeN,, have been considered as hopeful optoelectronic materials with
an emphasis on sustainability. Their nature as ternary materials has been ground to speculation of cation
Received 26th July 2023, order/disorder as a mechanism to tune their bandgap. We herein studied the model system
Accepted 6th December 2023 Zn1.xGer_xIN1_O,), including oxygen — which is often a contaminant in nitride materials — using a combi-
DOI: 10.1039/d3tc02650g nation of X-ray and neutron diffraction combined with elemental analyses to provide direct experimental

evidence for the existence of cation swapping in this class of materials. In addition, we combine our
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Introduction

The general suitability of nitride materials for optoelectronic
applications has long been demonstrated’ and even culmi-
nated in the nobel prize for (In,Ga)N based blue LED materials
- the famous III-V materials.>™ Besides their application as
LEDs, a number of studies also evaluated the potential of
nitride materials for photovoltaic applications.” Growing con-
cern, however, is associated with the use of scarce and toxic
elements in photovoltaic applications,® as their use will become
more and more widespread. Particularly, indium is one of the
scarcest elements” and its use would hence potentially impede
their widespread application. With the choice of trivalent
cations that can replace In*" being limited, a strategy that has
been proven fruitful is the replacement of the trivalent cations
with equimolar amounts of divalent and tetravalent cations.
A similar strategy has been used to replace In**/Ga®" in
Cu(In,Ga)S, (CIGS) with Zn>" and Sn** to arrive at Cu,ZnSnS,
(CzTS)*° as well as in double perovskites, such as Cs,AgInBr,
where Ag" and In®" replace the toxic Pb*>" in lead halide
perovskites.' 2
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results with UV-VIS spectroscopy to highlight the influence of disorder on the optical bandgap.

For nitrides, a combination of divalent Zn>" and a tetra-
valent cation of group 14 (Si**, Ge**, and Sn**) has been proven
to yield materials with a suitable optical bandgap and stability
that can be produced in the form of thin-films and bulk
materials with the general formula ZnMN, (M = Si, Ge,
$n).»*** The transition from binary to ternary nitride materials
not only allows the more traditional bandgap tuning mecha-
nism through alloying of different tetravalent cations - similar
to Al, Ga, In alloying in III-V’s - but the particular arrangement
of different cation types influences the bandgap, too.'*>* While
a compound with fully statistical distribution of the cations
would crystallise isostructurally to (In,Ga)N in the wurtzite-type
structure in the hexagonal space group P6smc,>® this crystal
structure type does not allow for ordering in the crystal struc-
ture, since there is only one crystallographic position for the
cations.”” Instead, fully or partially ordered compounds crystal-
lise in the B-NaFeO,-type structure in the orthorhombic space
group Pna2,, a subgroup of P6;mc.>” >° Herein, the cation and
anion positions are split in two distinct crystallographic sites
on the general Wyckoff position 4a and hence allow a great
degree of freedom in the crystal structure.

A number of theoretical works have studied the influence of
cation ordering on the bandgap of the material,>>***° showing
a strong trend to bandgap narrowing when cation disorder is
introduced. Such trends were also observed experimentally and
attempts to rationalise the degree of disorder based on the
lattice constants have proven some success.'***> However,
there are two fundamental problems when studying the order
phenomena in these materials: (a) Zn>* and Ge**, the cations in
the best studied material of this series, are isoelectronic and
hence hardly distinguishable using standard X-ray diffraction

This journal is © The Royal Society of Chemistry 2024
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(XRD) techniques and (b) the accidental or voluntary introduc-
tion of oxygen into the compounds appears to cause a similar
phenomenon of narrowing the optical bandgap.?*** We could
recently show that compounds made through ammonolysis of
Zn,GeO, follow the general formula Zn;.,Ge; ,(N; ,O,),
within the technologically relevant reaction region.>> While
neither of the pairs Zn**/Ge*’, and O* /N® can be distin-
guished confidently using standard XRD, the neutron scatter-
ing lengths of the elements (bz, = 5.68 fm, bg. = 8.185 fm, bo =
5.803 fm, and by = 9.36 fm)** allow a clear distinction between
the elements and hence permit the unambiguous quantifica-
tion of order/disorder in Zn,.,Ge; »(N;_,Oy)s-

Herein, we present a systematic approach to study the cation
order in Zn;,,Ge; (N;_,O,), directly using powder neutron
diffraction (PND). By studying the trilogy of chemical composi-
tions, optical properties and cation order, we are able to decon-
volute the effects of oxygen and intrinsic disorder on the
bandgap for the first time and show that both effects - although
resulting in similar trends - are unrelated to each other.

Experimental section

Samples of Zn;.,Ge; ,(N;_,O,), with varying compositions
were prepared using a method described earlier.®**3°

X-ray fluorescence (XRF) measurements of the metals were
used to determine the overall chemical composition of the
samples. The calculation was based on the general formula,
since we could show that this approach yields in reliable overall
compositions.

UV-Vis measurements (UV-VIS) were performed using a
PerkinElmer Lambda 750S spectrometer using a praying mantis
diffuse reflectance sample holder and a 100 mm integrating sphere
as the detector. The data interpretation was conducted through
Kubelka-Munk treatment®® combined with a Tauc-plot.>” An expo-
nent for a direct allowed bandgap was used in the Tauc-plot.*®

Powder X-ray diffraction (XRD) was performed using a
Bruker D8 advance powder diffractometer with Ni-filtered Cu-
Ko radiation (£ = 1.5418 A) in the range of 15° < 260 < 140° with
a step width of 0.02° and LaBg as the internal standard.

Powder neutron diffraction (PND) was performed using
either the E9 powder diffractometer®® at the BERII research
reactor of Helmholtz-Zentrum Berlin or the D2B powder dif-
fractometer at the Institut Laue-Langevin.*’

Anomalous X-ray diffraction data for Rietveld refinement
were collected at the KMC-2 Diffraction station at KMC-2
beamline,** BESSY II, Berlin, Germany. Samples were mounted
in symmetric reflection geometry using a zero-background
silicon sample holder and an area sensitive gas detector (Vantec
2000, Bruker AXS). The instrumental resolution function was
determined from a sample of LaBe. A preliminary energy-
dependent scan of one sample determined the positions of
the absorption edges as established by the increase of the
fluorescence background as 9660(2) eV and 11 102(2) eV. These
values did not deviate significantly from the literature values of
9659 eV (Zn-K) and 11103 eV (Ge-K).*
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Full powder diffraction sets were collected at energies of
8048 eV (1 = 1.5406 A, equivalent to Cu Ka,), 9649 eV (below
Zn-K absorption edge), and 11093 eV (below Ge-K edge).

Rietveld refinements were performed using Fullprof-Suite.*?
For the neutron diffraction samples, both XRD and NPD were
refined simultaneously for each sample in order to combine the
accuracy of lattice constants and contrast between cations and
anions from XRD with the contrast of the cation pair Zn*'/Ge*"
and the anion pair O* /N*". The background was modelled by
linear interpolation between positions with little contribution from
Bragg peaks. Symmetric Thompson-Cox-Hastings pseudo-Voigt
functions were used for the peak shape. Anisotropic domain size
broadening according to Scherrer was refined by symmetry-adapted
spherical harmonics up to second order. Further details on the
anomalous diffraction refinement procedure may be found in the
ESL T in particular the form factors used for N°~ and O~ anions.*

Types of cation disorder in
Zn1+xGe1—x(N1—xOx)2

To signify disordered cations clearly, we use notation in the
form of Zng. for zinc residing at the germanium position, Gez,
for germanium residing at the zinc position and Zny, and Geg,
for the respective atoms residing at their conventional crystal-
lographic position (Fig. 1). An ideal, fully ordered ZnGeN,
would show the anti-sites Geg. and Zng,,.

Two distinct and independent types of disorder must be
regarded in the zinc germanium oxide nitride materials as
produced from the ammonolysis of Zn,GeO,. As a consequence
of the reaction mechanism, no sub-stoichiometric amounts of
cations or anions are expected, i.e. the ratio of cations to anions
is always 1:1.%® This fact, on the other hand, in combination
with the decrease in overall anion charge when the oxygen
amount increases means that all oxide nitrides are rich in Zn
resulting in Zn/Ge > 1. As a consequence, a certain amount of
Zn that is commensurate with the oxygen content necessarily
resides at the Ge position, as there is more than one equivalent
of Zn in such a compound, while it contains less than one
equivalent of Ge. The amount of Zng, in an otherwise comple-
tely ordered sample (notably Gez, = 0) would hence correspond

fully ordered disordered
Zn  Ge ZIn Ge
site site site  site
Zny,, In,,
Zng,
L~
, e Gejp, E Ing,

Fig. 1 Schematic of the cation occupation of the two cation sites of the
B-NaFeO, structure type. The left-hand case has no intrinsic disorder and
a certain degree of extrinsic disorder (Znge), while the right-hand case
depicts the same composition with extrinsic (Znge) and intrinsic (Zng, and
Gey,) disorders.
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to the extrinsic disorder, since it is a direct consequence of the
composition (Fig. 1, left).

On the other hand, one could imagine a situation, where a
Zn atom swaps sites with a Ge atom, thus a pair of Zng. and
Gey, are formed simultaneously. We will refer to this as
intrinsic disorder (named Zng, and Ge7,), since it is indepen-
dent of the chemical composition and can exist, in principle, at
any oxygen level in any compound (Fig. 1, right). This latter is
also the kind of disorder that has been investigated computa-
tionally in terms of its influence on the bandgap. Complete
disorder in stoichiometric ZnGeN, - i.e. without any extrinsic
disorder - is reached when Zng. = Ge,, = 0.5 is observed. In this
case, both elements are statistically distributed over both cation
positions, rendering them indistinguishable from each other.

Refinement strategy for neutron
powder diffraction

As a consequence of the group-subgroup relationship between
the wurtzite type structure and the f-NaFeO,-type structure, the
differences in the diffraction patterns mostly occur in split
reflections and only weak supplementary reflections for the
latter crystal structure. Since differences in stoichiometry
and cation disorder cause a quasi-continuous change between
the wurtzite-type structure and the B-NaFeO,-type structure,
there are cases where the split reflections, which are significant
for ordered or partially ordered materials, overlap to a large
degree. In such cases, the exact peak positions - indicative for
the lattice constants - and the exact intensities - indicative for
the atomic arrangement - are not straightforward to separate
due to a strong peak overlap. In order to ease this problem, we
have combined neutron and X-ray powder diffraction measure-
ments in a simultaneous refinement (see Fig. 2 for a represen-
tative example). Hereby, we profit from the typically much
narrower peaks in X-ray diffraction (due to a better instrumen-
tal resolution) for the exact determination of the reflection
positions and the distinction between isoelectronic atoms in
neutron diffraction.

Still, the complex convolution of chemical compositions and
four atomic sites on general positions makes such a refinement
prone to errors and potentially unstable. Therefore, we intro-
duced our knowledge of the chemical composition as a con-
straint on the composition into the refinement. We were
recently able to elucidate the reaction mechanism for the later
stages of the ammonolysis reaction and can therefore deter-
mine the chemical composition from XRF measurements with
good confidence.*® Two important conclusions can be drawn
from the reaction model: the chemical composition of the full
compound is only dependent on one variable x and the crystal-
lographic sites are fully occupied, since the cation-to-anion
ratio in Zn,,,Ge;_,(N;_,O,), is always 1:1. An important draw-
back is the fact that the results for multiple phase samples, in
which traces of decomposition products, such as Ge and GezNy,
are present cannot be treated in this way, since the chemical
composition of the whole sample is no longer indicative for the
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Fig. 2 Rietveld plots of Zn;32Geooss(No.ossNo.os2)2 Using neutron
diffraction and X-ray diffraction (inset). Experimental values: red dots,
calculated values: black line, difference: blue line and calculated reflection
positions: green stacks. The calculated positions are given for the title
phase (top) and LaBg (bottom) was used as the internal standard.
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ternary oxide nitride phase. Using this strategy, we have
achieved stable refinements throughout the series of single-
phase products studied. Fig. 3 shows exemplarily the resulting
cation distribution for a series of Zni,,Ge; ,(N;_,O,), com-
pounds. It has to be noted that there is always some Ge on the
Zn site.

Cz
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Fig. 3 Cation distributions determined by the simultaneous refinement of
neutron and X-ray powder diffraction data for a series of
Zn1xGey (N, O,)> compounds. The x-axis shows the oxygen content,
and the y-axis shows the cation site occupancy.
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Structural studies of
Zﬂl+xc‘e1—x(N 1—xOx)2
Are extrinsic and intrinsic disorders correlated?

As shown in Fig. 4, the oxygen content of the synthesised
Zn,.,Ge;_x(N;_,O,), compounds can be tuned by the synthesis
conditions: reaction time () and reaction temperature (7).

If intrinsic (cation swapping) and extrinsic (compositional)
disorders would go hand-in-hand, there should be a clear trend
in the plot of intrinsic disorder Ge},, vs. the oxygen content. The
latter corresponds to extrinsic disorder, i.e. Znge, that is com-
mensurate with the oxygen content. It is evident on the first
glance that there is no such correlation in the data (Fig. 5).

While there appears to be a general trend in the sense that
the high oxygen content, which corresponds to high extrinsic
disorder, tends to go hand in hand with high intrinsic disorder,
and the samples are pretty scattered, signifying that there is no
causal relationship between both. Also, there are Zn;.,Ge; -
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Fig. 4 Oxygen content x in Zn;,,Ge; «(N;_,O,)> compounds in depen-
dence on the synthesis conditions (reaction time t and reaction temperature).
The different reaction temperature series are colour-coded.
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Fig. 5 Plot of the intrinsic disorder (Gey,) versus oxygen content x for
Zn14xGe1 x(N1_4O,)> compounds synthesized at different temperatures.
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(N3 _xOy), compounds with the same oxygen content x but
different values of intrinsic disorder Ge, .

This is a most significant point, since it not only proves that
both types of disorder exist, but also that they are not correlated
to each other. Therefore, both effects can be regarded indepen-
dent of each other and we look at the relationship between the
intrinsic disorder and the reaction conditions in order to
explore, whether the intrinsic disorder can be tuned through
the reaction conditions. Still, one has to bear in mind that for the
oxide nitride system, both effects exist at the same time, and
hence need to be regarded simultaneously. This influences the
trends and a strictly mathematical trend can only be expected for
either, if the other does not influence this specific parameter.

Order parameter

The Zn,.,Ge;_(N;_,O,), compounds synthesised crystallize either
in the -NaFeO,-type structure and show different degrees of cation
disorder (as shown in Fig. 5) or in the wurtzite-type structure with a
statistic distribution of the cations and hence full cation disorder.
To describe the different levels of cation disorder, an order para-
meter has been introduced. The order parameter is equal to 1 for
full order (no intrinsic disorder, ie. Ge},, = 0) and equal to 0 for
full disorder (Ge},, = Geg.) and is calculated according to

*
GeZn

OP=1-5%

@
where GeJ, describes the intrinsic disorder and Ge is the Ge-
content in Zn,.,Ge; _(N;_,0,),. Different levels of cation disorder
correspond to different values of the order parameter and can be
tuned by the synthesis conditions (see Fig. 6).

Influences on the lattice constants

While the hexagonal crystal system of the wurtzite-type structure
restricts the lattice parameters a and b to be equal, this restriction
is lifted in the orthorhombic B-NaFeO,-type structure. The distor-
tion of the lattice in the latter case can, therefore, be conveniently
described by the ratio of these lattice constants. Since a rather
complex change of the unit cells occurs in this group-subgroup
relationship,”” we first calculate pseudo-hexagonal lattice con-
stants from the orthorhombic lattice constants as demonstrated
previously.*® The lattice distortion a is calculated according to

Sl VAT

Again, there is an overall trend between the lattice distortion
and both extrinsic and intrinsic disorders, but this trend is not
straightforward enough to allow the prediction of any variable
on the basis of another (see Fig. 7 and 8). This is most probably
due to the fact that both disorder effects affect the lattice
distortion in a similar manner.

Intrinsic disorder and reaction conditions

Theoretical studies agree that the ordered state is energetically
more favourable than any disordered state in this system but
with different energy differences.”>***" At a first glance, one
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Fig. 6 Order parameter in dependence on the synthesis conditions

reaction time t and reaction temperature. The different reaction tempera-
ture series are colour-coded.

could therefore assume that the higher thermal energy at
higher temperatures would provoke a higher degree of disorder
in the final product, but this is not the case in our experiments.
Instead, there is a general trend that samples with comparable
reaction times exhibit less disorder when they are produced at
higher temperatures (Fig. 6). The higher thermal activation
allows the overcoming of the activation energy for cation
swapping and the energetic difference between the ordered
and disordered states appears to be high enough to lock the
cations in their energetically favoured environment.
Furthermore, this trend is even clearer for the dwelling
times. Longer times at the same reaction temperature produce
smaller levels of intrinsic disorder. The combination of the
reaction time and the reaction temperature therefore allows
directing the reaction into one particular composition. We found
that the reaction conditions producing the smallest amount of
intrinsic disorder in our experiments are 865 °C and 18.3 h of
dwelling times with Ge}, = 0.01(2). This sample is, within the
experimental error, completely ordered Zn;.,Ge; »(N;_,O,),. It
is worth noting that this sample is also with the lowest

0.025 . ; . T T — @ 850°C
A 865°C
o.ozo-A,iv S v 895°C
3 . 910 °C
§ 0.0151 v ;
5 Y
(%]
8 0.010 v 4
3 ‘fv‘
E A
S 0.0054 ‘ .
>—§ = %v A
N
0.000 1 -

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Intrinsic disorder Ge*,,

Fig. 7 Plot of the lattice distortion o versus Gey,,.
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extrinsic disorder, but has a nominal composition of Zn; o359y
Geo,965(9)(No.965(9)Q0.035(0))2 and is hence not completely oxygen free.
Since traces of oxygen are very often found in nitride materials, it is
an important information that even with such small amounts of
oxygen, the material can be virtually fully ordered.

Cumulating the information gained under different reaction
conditions allows an experimental window to be defined, in
which a variable degree of disorder can be achieved (Fig. 9). It is
evident that the tuneable time window is much smaller at
higher temperatures than at lower temperatures. Using higher
temperatures may therefore be a key to achieving full order
efficiently, while lowering the temperature allows for finer
tuning of the degree of disorder. The determination of the
reaction window is therefore highly beneficial for the directed
conduction of the reaction in further experiments.

Bandgap energy trends

The bandgap energy values tend to become the lower, the
higher the oxygen content and the extrinsic cation disorder is
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104 | é 1
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Fig. 9 Overview of intrinsic disorder and reaction conditions. Between
the lines for full disorder (OP = 1) and order (OP = 0) the level of cation
disorder can be tuned by the reaction conditions.
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(Fig. 10). This trend is similar to the previous data acquired
using different synthesis methods, with varying degrees of
oxygen composition.*> As outlined, however, the chemical
composition is not sufficient to characterise the sample, since
intrinsic and extrinsic disorders are not strictly correlated. All
synthesized Zn;.,Ge; (N;_,O,), compounds lie in a band gap
energy range of 2.7-3.5 eV, which also is very much in line with
previous studies.

A key question in this study was the question, as to whether
the intrinsic disorder really affects the bandgap energy in the
way it was predicted theoretically. As with many of the other
values, there are some degrees of scattering of values around
the general trend that the bandgap energy decreases with the
decreasing order parameter (Fig. 11). Therefore, the extrinsic
disorder (Fig. 10) and intrinsic disorder (Fig. 11) both affect the
optical bandgap in a similar manner, but independently of
each other. Since both effects are heavily intertwined, the exact
reaction conditions need to be precisely met, in order to reliably
produce a distinct composition with a certain disorder and
hence an exact bandgap.

The situation becomes much clearer when considering the
trend of the optical bandgap within time series at distinct
temperatures (Fig. 12). A correlation is very clear in these series,
which is in line with thermodynamic considerations outlined
earlier. This indicates that the prolongation of the reaction
time monotonically influences the intrinsic disorder rather
than the extrinsic disorder. Therefore, the level of intrinsic
disorder can be influenced straightforwardly through the
choice of the reaction temperature. In combination with the
choice of the appropriate reaction time, a targeted formulation
of composition and intrinsic disorder can be achieved. How-
ever, since the reaction is strongly kinetically influenced, the
concrete combinations will be highly dependent on the amount
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Fig. 10 Oxygen content x in Zn;,,Ge; (N1 _4O,), versus the optical
bandgap E,. Open symbols refer to Zn;,,Ge; (N;_,O,), with full cation
disorder. The star marks the Zni;,Ge; (N1 ,O,)> compound with the
lowest degree of cation disorder. The triangle shows the theoretical value
[23].
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Fig. 11 Order parameter versus optical bandgap E4. The star marks the
Zn1xGe; (N1, O,)> compound with nearly full cation order.

of the material produced and hence should be adjusted to the
system in use.

Conclusions

We first demonstrated the direct experimental evidence of
cation swapping in the ternary nitride (oxide nitride) system
Zny4,Ge; _(N;_,O,),, which was previously predicted computa-
tionally. Using a combination of X-ray and neutron diffraction,
we showed that not only intrinsic cation disorder in the form of
cation swapping exists in these compounds, but also a second
form of disorder exists, which is not directly correlated with the
first. This extrinsic disorder is directly related to the oxygen
content and hence to the composition of the compound. Both
disorder types influence the bandgap energy in similar, but
unrelated ways. Using structural evidence, we therefore show
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Fig. 12 Trend of the optical bandgaps as a function of the dwelling times
at different reaction temperatures.
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for the first time that the predicted bandgap tuning mechanism
through cation swapping truly exists in these materials. Further
studies in the future will be revealing the individual contribu-
tions of the different types of disorder to ideally allow the
individual tuning of both types independently of each other.
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