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Zinc containing ternary nitrides, in particular ZnSnN, and ZnGeN,, have great potential as
earth-abundant and low toxicity light-absorbing materials. The incorporation of oxygen in
this system — may it be intentional or unintentional — affects the crystal structure of the
materials as well as their optical band gaps. Herein, we explore the origins of structural
changes between the wurtzite type and its hettotype, the B-NaFeO, type, and highlight
the effect of oxygen. Furthermore, we study the electronic structure and bonding in
order to understand the reason for the narrower band gap of zinc germanium oxide
nitrides as opposed to pure zinc germanium nitride.

Introduction

Solar cells are the most direct way to transform the energy from the sun, our
largest energy reservoir, into immediately useable electrical energy. The devel-
opment of solar cells has made big steps and solar energy is currently the
cheapest form of energy available," mostly relying on Si wafer-based solar cells.
However, silicon has some drawbacks, most prominently its indirect band gap.
This affords the use of relatively thick layers of Si to achieve a good absorption of
light and, hence, makes Si solar cell devices inflexible and heavy. While this is not
a major problem for landside or domestic installations, other applications, such
as mobile devices and aviation, need a highly efficient power supply that is also
lightweight and thin. For this, alternative technologies have emerged, with CdTe
having reached the commercialisation phase.> However, many of these alternative
photovoltaic absorber materials like CdTe,>” (In, Ga)Pn (Pn = N, P, As),**” Cu(In,
Ga)S, **2*' or lead halide perovskites®>* suffer from the inclusion of extremely
scarce or toxic elements. Te (0.001 ppm), Cd (0.13 ppm), In (0.25 ppm - all by
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weight)*® are some of the very scarce elements that would prevent a global scale
application of such materials.'® Moreover, Cd and Pb are very toxic elements, the
use of which is banned in the European Union and many other countries.>

Given these limitations, there is a strong drive to develop truly sustainable
solar cell materials that combine the advantages of thin film solar cells with the
use of non-toxic and earth abundant materials, therefore allowing for cheap and
efficient solar cell devices. A viable strategy in the past has been the replacement
of problematic elements by less toxic and more abundant alternatives, like the
development of lead-free halide perovskite solar cells based on Sn**.%3° The
downside of this approach is, however, that the choice of alternative elements is
severely reduced as they need to show chemical and structural similarity - i.e. to
replace Pb>", one needs an element that readily forms divalent cations and has
a similar coordination environment as otherwise a different phase with
completely different properties may be preferable. CH;NH;Nil; containing Ni*",
for instance, is reported to crystallise in a non-perovskite phase.*

To enlarge the window for replacing problematic elements, substituting ions
with more than one species is possible. Replacing Pb>" with equimolar amounts
of Ag* and In*", for instance, has led us to the experimental discovery of
Cs,AgInBr,.>> Applying the same concept to In** in InN would lead to the use of
equimolar divalent and tetravalent cations, such as Zn>" and Sn**.- This
approach has been shown to work and ZnSnN, was identified as a potential
photovoltaic absorber material with reported experimental band gaps anywhere
between 1-2.4 eV.** While there have been some proof-of-concept reports for
photovoltaic devices using ZnSnN,,***”* the range of reported optical band gaps
for nominally the same material may sound surprising at first. However, two main
explanations have been discussed for this behaviour: (a) the inclusion of oxygen
in the material®**** and (b) a cation order-disorder mechanism that tunes the
band gap.*"** Both effects often occur intertwined and it is therefore necessary to
briefly discuss the second one in the next section in order to understand the first.
While the work on ZnSnN, has largely relied on computational results, many
more experimental studies have been performed on the lighter analogue ZnGeN,.
The latter has a distinctly larger band gap in the range of 3.2 eV,* but it has the
advantage that its stability is larger due to a more negative formation energy.**
Therefore, the study of this material as a model system that is easier to study
allows us to understand the phenomena in these ternary nitride compounds.
Before moving to the focus on photovoltaics, ZnGeN, and the oxide nitride
materials Zn,,,GeN,O, have been studied extensively as photocatalysts for water
splitting reactions.**** From a chemical point-of-view, these oxide nitride mate-
rials have been rationalised as the intermixing of ZnGeN, and ZnO.*****> We have
shown recently in a systematic study that the overall ammonolysis reaction of
Zn,GeO, - commonly the synthesis route for these compounds - indeed proceeds
in this way.** It needs to be emphasised, however, that this does not mean that
ZnGeN, and ZnO are mixed on a macroscopic level or form domains in some way.
Instead, this is not more than a mathematical decomposition of the oxide nitride
composition. Instead of the above-mentioned formula Zn,,,GeN,O,, we will use
Zny.,Ge;_(N;_,O,), — a simple transformation, which emphasises on an equal
number of cations and anions and retains the overall ratio of cations and anions
throughout the series.*** Oxide nitrides have been reported to exhibit a smaller
optical band gap of =2.7 eV as compared to that of pure ZnGeN,, but recent
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studies have suggested that this is particularly true for oxygen rich oxide nitrides,
while oxygen poor compounds tend to have an optical band gap much closer to
the 3.2 eV of pure ZnGeN,.** This reduction has been explained as an effect of p-
d orbital repulsion between the Zn(3d) and the N(2p) and O(2p) states at the
valence band maximum.*>** While p-d repulsion should, in principle, exist for
pure nitrides and oxide nitrides, we aim to understand the contribution of oxygen
in these oxide nitrides more thoroughly and to understand the bonding that
causes the band gap decrease in the oxide nitride system Zn,.,Ge; _x(N;_xOy),-

Crystal structures of Zn,,,Ge;_,(N1_,O,)>

Two principal crystal structures have been reported for oxide nitride materials:
the hexagonal wurtzite type, which was observed in oxygen rich compounds® and
the orthorhombic B-NaFeO, type, which was observed in the oxygen poor cases.>
This appears reasonable from a chemical point of view: ZnO crystallises in the
wurtzite type structure, while ZnGeN, crystallises in the f-NaFeO, type structure.>
Assuming those phases to be extreme cases in the system, it is only logical that
there should be a transition from one crystal structure to the other. The reality is,
however, more complex than this. There have also been experimental reports of
nominally ZnGeN, in the wurtzite type crystal structure, which is a consequence
of fully disordered cations in the system.?” To understand this, it is important to
briefly emphasise the relation of these two crystal structure types.

The hexagonal wurtzite type crystal structure in the space group P6zmc only has
one crystallographic position for cations and one for anions (both on Wyckoff site
2b). This means that this structure type does not allow for any ordering of cations
or anions and they are necessarily randomly distributed. This also means that the
average bonding environment in the wurtzite type structure is equal, although
Zn*" (0.55 A) and Ge** (0.39 A) have considerably different ionic radii.*® The p-
NaFeO, type structure, on the other hand, is a hettotype of the wurtzite-type
structure and crystallises in the orthorhombic subgroup Pra2,.* The link is
made through loss of symmetry elements, which in turns increases the degrees of
freedom for the crystallographic sites and allows for the splitting of crystallo-
graphic positions. Instead of one distinct crystallographic site each for cations
and anions, the B-NaFeO, type has two cation positions and two anion positions
(all on the general 4a Wyckoff site). This means that, in principle, a compound
with a 1: 1 cation stoichiometry could attain fully ordered cations. In addition,
these two crystallographic sites have the structural flexibility to accommodate
different cation-anion bond lengths in the crystal structure.

From an experimental point-of-view, the transition from the wurtzite-type to
the B-NaFeO, type can be observed in the appearance of supplementary reflec-
tions and the splitting of some peaks, which is due to the fact that the lattice
constants no longer experience restrictions rendering them equal.} While the
supplementary reflections are weak in X-ray diffraction and can easily be over-
looked, the peak splitting is normally a much stronger hint for the B-NaFeO, type

1 In fact, the lattice constants a and b in the orthorhombic B-NaFeO, type are not equal to each other in
the case of total overlap, but rather have a ratio of a/b = 2/,/3. This is due to the change of the crystal
system from hexagonal to orthorhombic. We have discussed the crystallographic bases in more detail
elsewhere.”
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Fig.1 Peak splitting in the region of 30-40° 26 as a function of Zn/Ge and O/N ratios. The
hkil 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. Reprinted from ref. 51 with permission from the Royal Society of Chemistry. The
original publication was published under the Creative Commons license CC BY 3.0.5°

(Fig. 1). It needs noting, however, that this is only a necessary prerequisite in that
a and b in the orthorhombic system can differ but do not have to. Therefore, very
small deviations from the ideal hexagonal lattice will still be orthorhombic but
may be so subtle that they cannot be detected with the experimental resolution.
Therefore, when we speak of oxide nitrides as being of the wurtzite-type, this
essentially means that we have no contradicting evidence for a hettotype struc-
ture. Nonetheless, our experimental data (Fig. 1) underlines the aforementioned
trend that oxygen rich oxide nitrides crystallise in the wurtzite-type and the B-
NaFeO, type is preferred for lower oxygen containing materials.

At this point, however, the complexity of ternary materials comes into play.
With two crystallographic sites, order can occur, but this is not necessarily the
case. While the fully ordered case (i.e. one distinct site for Zn>* and one for Ge**
exclusively) is energetically favoured, the energetic barrier against disorder is not
large and it has been calculated that disorder affects the band gap strongly, with
a decrease for disordered ZnGeN,.*"*** A fully disordered ZnGeN,, however,
would have a random cation distribution throughout the structure, indicative of
the wurtzite-type. In between cation order and full disorder, different degrees of
cation disorder are possible.”® We have to distinguish between cation disorder
caused by the off-stoichiometric composition of the material due to the oxygen
content (Zn/Ge > 1), for which we use the term extrinsic disorder, and intrinsic
disorder.*® The latter is defined by Ge on Zn and Zn on Ge anti sites in equal
amounts (Ge;n = ane). Both disorder types can coexist in Znq.,Ge; (N;_Oy)s
and it is necessary to distinguish between them. Taking into account that the Zn
on Ge anti sites (Zng.) are caused by both extrinsic and intrinsic disorder, the
difference Znge — Ge,, would give a measure of the extrinsic disorder.

We recently uncovered that both disorder types exist simultaneously in zinc
germanium oxide nitride, but both modes of disorder are independent of each
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other.”® The way intrinsic disorder affects the band gap has been thoroughly
discussed, but the question remains how oxygen incorporation in the crystal
structure affects the bonding and the band gap.

Sampled crystal structures in this study

We combine crystal structures experimentally obtained from Rietveld refine-
ments of both neutron and X-ray data with DFT calculations. We have chosen
three model structures for the DFT calculations in order to restrain the complexity
of the system. Since our aim is to uncover the effect of oxygen incorporation, we
have not introduced intrinsic disorder in the computational models. Fully
ordered ZnGeN, is hence a rather straightforward choice to evaluate the fully
ordered case. We chose not to use larger supercells for the modelling of oxygen
induced disorder, but restricted ourselves to the 16-atom unit cell in the 3-NaFeO,
type in order to keep the positional restraints similar to those of the fully ordered
case. Therefore, the composition Zn; ,5Geg 75(Ng.7500.25)2 was chosen and two
different cases with the same composition but different arrangements were
selected (Fig. 2). Case (a) consists of oxygen atoms that are as far away from each
other as possible and with a coordination of 2 Zn atoms and 2 Ge atoms for one O
atom and 3 Zn and 1 Ge for the other O atom - in line with the overall composition
of the compound. Case (b), on the other hand, maximises the Zn-O bonding, as
we determined earlier that crystal structures with a greater amount of Zn-O bonds
tend to be more stable.®® Both O atoms are surrounded by 3 Zn and 1 Ge. In
addition, we compare these cases with three samples we studied experimentally

Fig. 2 Optimised crystal structures of ZnGeN, (top) and the two models of Znj,s.
Geo.75(Np.7500.25)2 (bottom).
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Fig. 3 Expected values for the bond lengths of Zn®* and Ge** in tetrahedral coordination
as derived from bond valence sums.®¢
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Fig. 4 Zn-N (green) and Zn-0O (blue) distances from the structure optimisations of the
crystal structures for ZnGeN, (top) and the two configurations of Zn; ,5Geg 75(Np 7500 25)2,
as depicted in Fig. 2. The expected distances from the bond valences are given as dashed
lines.

using neutron diffraction to determine the levels of extrinsic and intrinsic
disorder.>

The optimised crystal structures are slightly larger than the experimental ones,
as expected for calculations using the PBE functional, but with volume deviations
below 3% (Table 1). The deviation of the crystal structures from the ideal
hexagonal setting, however, as expressed by «, is comparable to the highly
ordered cases and significantly larger than for Zn, 591yG€.71(1)(No.71(1)O0.29(1))2s
which contains both a large degree of intrinsic and extrinsic disorder. Further-
more, the oxygen rich oxide nitrides show a larger unit cell, which is consistent in
computations and experiments. This hints that the volume increase is mainly
caused by greater amounts of Zn and O, while the lattice parameter deviation is
caused by disorder (intrinsic and extrinsic).

Bond valence analysis of Zny,,Ge;_,(N1_,O,)>

Zn; 55Geg.75(No.7500.25)> in configuration (b) is slightly more stable, with an energy
difference of 122.6 meV/f.u. This is in line with our prior findings that Zn-O
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Fig. 5 Ge-N (red) and Ge-O (grey) distances from the structure optimisations of the
crystal structures for ZnGeNs (top) and the two configurations of Zn; ,5Geg 75(Ng 7500 25)2
as depicted in Fig. 2. The expected distances from bond valences are given as dashed lines.

bonding appears to be preferred.** We will, however discuss both cases further,
since the bonding situation is slightly different and can give some insight into the
chemical nature of the bonding.

The bond valence concept mainly developed by Brown and O’Keeffe solely
uses atomic distances to determine the properties of chemical bonds and defines
expected distances for atomic pairs in the defined chemical environment. This
can be simply achieved by partitioning the valence (i.e. the charge) of the cations
on the four bonds to the cations it is surrounded by. The expected values for the
Zn-N and Zn-O distances are consistently longer than those for the Ge-N and
Ge-O distances (Fig. 3). Taking the PBE related elongations into account, the
Zn-N and Ge-N distances in the optimised structures are very consistent with the
expected values from the bond valence model, but scatter relatively strongly (Fig. 4
and 5). The Zn-O and Ge-O distances, however, are consistently longer than the
expected values.

This can be interpreted in a way that the energetic contribution of those bonds
is lower than those of the Ge-N and Zn-N bonds. The same analysis is not directly
possible for the experimentally derived crystal structures as the disorder for
cations and anions restricts the distances to be the same. In those structures with
strong cation ordering, however, the distances between the Zn site and its
surrounding anions (1.99(2) A < dz, x < 2.07(2) A) and the Ge site and its
surrounding anions (1.85(1) A < dge_x < 1.93(1) A) are distinctly different from
each other and lie very much in the range of Zn-N and Ge-N bonds. The
anisotropy between the different bond lengths is smaller for highly disordered
experimental samples, in line with the decreasing lattice deviation in those
samples. Although the oxide nitrides are generally more stable than pure nitrides,
the comparably longer Zn-O and Ge-O bonds do not appear to stabilise zinc
germanium oxide nitride.

64-67
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Band gap and density of states

While the GGA treatment with the PBE functional along with Gaussian smearing
to obtain the DOS leads to a serious underestimation of the absolute band gap
size, its general trends are more reliable. The band gap energies extracted from
the DOS are 1.5 eV for ZnGeN, and 0.4 eV for Zn, ,5Geg 75(Ng 7500.25)2. We note
that this is very in line with the general trend of a decreasing band gap with
increasing oxygen content.*>** Our calculations can therefore give an important
hint as to how the introduction of oxygen in the system shifts the band gap levels.
The conduction band minimum (CBM) is approximately equally contributed
between the constituent elements, signifying that the contributing electronic
states are probably largely degenerated. Furthermore, the shapes of the conduc-
tion band are largely similar for the pure nitride and the oxide nitrides, sug-
gesting that the change of composition has little influence on it.

In a comprehensive theory by Wei and Zunger first derived for II-V semi-
conductor materials,* the reduction in the band gap energy is explained through
p-d repulsion, i.e. an orbital overlap between the hybridised cation 4p states and
anion 2p states with the cation 3d states, which leads to a further energy splitting
and raises the antibonding orbitals that are situated at the top of the valence
band. We have calculated the density of states (DOS) and projected DOS (pDOS) to
verify which states form the valence band maximum (VBM). Indeed, the contri-
butions at the VBM in the oxide nitride system are dominated by the Zn(3d), O(2p)
and N(2p) contributions and a little Zn(3p) contribution (Fig. 6 and ESIY).

The same is true for ZnGeN,, but with a general downwards shift of the states
with respect to the Fermi level. This alone does, however, not allow a definitive
answer as to whether the VBM increases or the conduction band minimum
decreases. In order to gain a hint of this, we investigate the energy difference
between the N(2s) and N(2p) band onsets on a specific N atom in the different
structures. This can be done assuming that the N(2s) states are largely unaffected
by any p-d repulsion and are not strongly influenced by the chemical environ-
ment as their contribution to bonding is small (Fig. 7). The energy difference

_0
35 N

7)) — Ge
8 30 —7n
825 Total Dos
0
G 20
=15
C
o 10
o ‘ M

5 /

4 M&
0=1s—=i0 =5 0 5 10 15

Energies (eV)

Fig. 6 Total DOS of Zny 25Geq 75(Ng 7500 25)2 (b) with the partial DOS contributions for the
constituent elements.
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Fig. 7 pDOS for the 2s and 2p orbitals for one selected nitrogen and oxygen atom in the
crystal structures for ZnGeN, and the two configurations of Zn; »5Geg75(Ng 7500 25)2, as
depicted in Fig. 2.

between the band onsets, i.e., the highest energy levels between N(2s) and N(2p)
are AE(ZnGeN,) = 13.26 eV versus AE(Zn; ,5Geg 75(No.7500.25)2) = 13.52 eV for (a)
and 13.62 eV for (b). This is a clear indication of the fact that the VBM is shifted to
higher energies, explaining the reduction of the band gap energy in the oxide
nitride materials. It is noteworthy that the oxygen 2p levels lie in the same range
and also contribute to the upper valence band, while the O(2s) levels lie signifi-
cantly lower than the respective N(2s) levels. The energetic levels of the Zn(3d)
states show a narrow distribution and are close to the N(2p) and O(2p) states. This
is a prerequisite for the orbital overlap that leads to p-d repulsion. We note that
the Ge(3d) states are significantly lower — at —25 eV relative to the band gap - and
hence are even lower than the N(2s) and O(2s) states. This prevents orbital overlap
including these Ge(3d) states and p-d-repulsion is therefore exclusive to Zn
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containing bonding. However, one would expect p-d repulsion both for nitrides
and oxide nitrides and it is hence important to look at the individual bonding
contributions to understand why the upwards shift of the VBM in the latter is
stronger than for pure ZnGeN,.

Bonding situation analysis

DOS and pDOS allow a detailed discussion of the atomic distribution to energy
states around the band gap, but they contain little information on the nature of
the chemical bonds between atoms. For this, we employ crystal orbital overlap
Hamilton population (COHP)*®**® analysis to rationalise the energetic contribu-
tion of the chemical bonds and reveal the character of the contributions as
bonding or antibonding. Projecting the COHP on individual bonds (pCOHP)
allows us to draw direct conclusions for individual bonds. By convention, we plot
—COHP with antibonding states on the left and bonding states on the right-hand
side of the plot.

—all Ge-N bonds
10 —all Zn-N bonds
S 5
L)
T
| =
Ly
_5<
_10
-20 -10 0 10 20
-COHP

Fig. 8 COHP plot of the summed Zn—N and Ge—N bonds in ZnGeN,.

—all Ge-O bonds
10 —all Zn-O bonds
—all Ge-N bonds
—all Zn-N bonds
S
2
w0
|
Ly
_5-
_10

-10 -5 0 5 10 15 20
-COHP

Fig. 9 COHP plot of the summed Zn—-N, Ge-N, Zn-O and Ge-O bonds in Zn;s.
Geo.75(No.7500.25)2 (D).
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The populated energy levels of the Ge-N bonds in ZnGeN, all have a bonding
character stabilising the crystal structure (Fig. 8). This is in line with the fact that
those bonds are formed by the Ge(4p) orbitals and the N(2p) orbitals and hence
would not be prone to p-d-repulsion. In contrast, the COHP of the Zn-N inter-
actions clearly shows antibonding behaviour at the VBM, in line with the p-
d repulsion model. The trend in the oxygen containing crystal structures is similar
(Fig. 9), with Ge-N bonds still being bonding throughout the valence band. The
antibonding contribution of the Zn-N bonds is accompanied by antibonding
contributions from the Zn-O and Ge-O bonds. It is, however, noteworthy that the
Zn-0O antibonding states lie energetically below the antibonding Zn-N states,
which suggests that the orbital splitting caused by p-d repulsion is smaller, since
the positions of the O(2p) and N(2p) orbitals are otherwise very similar (Fig. 7).
Therefore, oxygen does not directly cause the upshift of the valence band
maximum but has an indirect effect. Given that Zn-O bond lengths are shorter
than Zn-N bond lengths, the geometry of the coordination environment around
Zn that contains both anion types is strongly distorted from an ideal tetrahedron,
causing non-ideal bonding distances and angles. This, in turn, can affect the
energy levels of the Zn-N bonds, causing an upwards shift of the energy levels
involved.

Materials and methods

The experimental data was extracted from previous work. Details of the synthesis
and characterisation can be found elsewhere.**** The “universal” bond valence
parameters derived by Brese and O’Keeffe were used for the calculations herein.®

DFT calculations were performed using Quantum Espresso v6.577> with the
projector augmented wave (PAW) method””* using GGA functionals with scalar-
relativistic PBE-type exchange-correlation functionals with non-linear core
correction.”’® The pseudopotentials were retrieved from pslibrary”” and
produced using atomic.”® The wavefunction cutoff was chosen to be 50 Ry and the
charge density cutoff was chosen to be 325 Ry. Structural optimisations were
performed using a 3 x 3 x 3 k-point grid and a BFGS algorithm. The unit cell was
constrained during optimisation to remain orthonormal.

SCF calculations for DOS and COHP calculations were performed on a 12 x 12
x 12 k-point grid and an energy convergence threshold of 10~°. In order to permit
the density partitioning, 104 bands were converged during the SCF calculation,
reflecting the 104 orbitals used for portioning (8 x N/O(2s2p,p,p;) + 8 X Zn/
Ge(4s4p,pyp;3dyydy,dy,ddye_y2).

DOS and COHP calculations were performed using LOBSTER 4.1.0 (ref. 79 and
80) with a Gaussian smearing width of 0.1 eV with the pbeVaspFit2015 basis set.”
COHP and DOS plots were obtained using pymatgen.®*

Conclusions

The incorporation of oxygen in the crystal structure of zinc germanium oxide
nitrides leads to a narrowing of the band gap. We have explored the structural
consequences of the introduction of oxygen in this system to uncover which
effects it has and this can be decorrelated from the intrinsic disorder. While
experimental samples with high oxygen content also show a high degree of
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intrinsic disorder, oxygen incorporation alone was studied using DFT calcula-
tions. The latter still shows significant deviation of the lattice constants from the
hexagonal wurtzite type, while experimental compounds with a similar compo-
sitions show unit cell parameters much closer to the hexagonal lattice constants.
Therefore, it is concluded that the interplay of intrinsic and extrinsic disorder
causes this behaviour, rather than one mechanism alone. Using DOS and COHP
analyses, we have further shown that the narrowing of the band gap in oxide
nitride materials is caused by increasing the p-d repulsion effect as a conse-
quence of deviating from the coordination environments of Zn.
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