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ABSTRACT

Significant improvements of the photocatalytic and optoelectronic applications demand materials
that exhibit finely tuned band gap, band edge potentials, exciton dynamics, charged states, and
crystal facets/edges that facilitate enhanced chemical reactivity. Fundamental insights of the
structure-function relationships can dictate the synthesis requirements of these materials. Zinc
oxynitride based materials have demonstrated excellent photocatalytic activity and they also
present a perfect platform for tailoring the material properties of interest. We hereby investigate
lateral heterojunctions of zinc oxynitrides towards applications for photocatalytic and
optoelectronic applications by computationally examining their response to composition, lattice
strain, and anion vacancy defect variation. Along with tuning the band gap of the materials
towards optimal optical performance, we demonstrated the site-specificity of the vacancy
defects. Oxygen vacancies and nitrogen vacancies were found to be favored at the bulk and at the
interface, respectively. Biaxial and vertical compressive strain increased the band gap, while the
tensile strain effected in reduced band gap. The neutral and charged vacancies rendered either
increased electronic density of states at the conduction and valence band edges or formation of

mid gap states. These insights of electronic state variation via intrinsic material parameters are
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fundamental towards synthesis of future materials for enhanced photocatalysis and

optoelectronic purposes.

INTRODUCTION

Decline of fossil fuel reserves and the grave consequences of global warming and climate
change promoted active research efforts towards sustainable and efficient renewable energy
solutions.!? In recent times, solar energy based options have garnered a lot of attention resulting
in several significant developments.* While photovoltaics, solar water splitting and carbon
dioxide reduction are major ways to harvest the abundant solar energy, advances on light
emitting diodes (LEDs) and luminescent applications are also necessary for efficient energy
utilization. Solar thermochemical approaches have demonstrated superior catalytic activity for
water splitting and CO> reduction.>*® However, they are limited by the high temperatures of
operation, while the low temperature photocatalytic and electrocatalytic processes are plagued by
other issues like poor rates of conversion, stability, selectivity, and miserable quantum
efficiency.’ Since the first reports of water splitting by Honda and Fujishima in 1972,% significant
effort has been spent over the last half-century to develop better materials and methods for
photocatalytic process.’

Material property tuning towards achieving suitable band gap, band edges, morphology,
and reduced exciton recombination rates is important for solar photocatalytic processes. While
the band gap of a material is the key parameter determining the material’s response towards
visible light, band edges are primary responsible for the redox reactions. Charge transport and
exciton recombination rates are the subsequent controlling parameters that determine the

effective utilization of the electrons at the conduction band edge (CBE) and the holes at the
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valence band edge (VBE). Even materials having suitable band gaps and band edge potentials
can suffer from poor photocatalytic activity due to fast exciton recombination rates. Appropriate
band edge potentials, band gap energy along with desired exciton dynamics are thus fundamental
requirements for superior photocatalytic activity. Along with these bulk electronic effects,
surface morphology effects have a significant role too. While use of extrinsic dopant elements
are known to modulate the electronic states of materials, intrinsic parameters like quantum
confinement in one or more dimensions, defect concentrations, and lattice strain have also shown
promising results.!%! Creation of heterojunctions (particularly Type II) have been hailed as one
of the most efficient routes for electron hole pair segregation and visible light activity.'®!” Thus,
to achieve effective photocatalysts, it is of prime importance to investigate the effect of these
intrinsic parameters — vacancy and strain towards modulating the electronic states of
heterojunctions of interest.

Zinc oxide, aluminum nitride, and gallium nitride are well known II-VI and III-V
materials mostly stable in hexagonal wurtzite phase, being used for a vast range of applications
like gas sensors, LEDs, transistors, and piezoelectric and optoelectronic systems.!* 822 Their
solid solutions are well known for catalysis and have even demonstrated highest visible light
activity for water splitting.>>?° Platinum doped zinc oxide-gallium nitride solid solutions have
demonstrated CO» photoreduction as well.>* ZnO, AIN and GaN have been used in electronics
for a long time and their interfaces are a matter of interesting study for efficient charge
transport.'* 22 These metal oxynitrides, both at the bulk and interface sites, allow for a vast range
of composition variation, exhibiting a wide range of electronic density of states. Since, the
density of states primarily governs the chemical reactivity and is affected by both strain and

vacancy defects, it is of utmost importance to explore the structure-function relationships of
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these heterostructures in every detail. Recently research groups have shown promising results on
shape control, facet control of materials, along with creation of lateral heterojunctions on
substrates.>!"** In the view of this recent progress on selective facet-controlled material synthesis

and on novel heterojunctions fabrication,?!-3

we believe that there lies a huge scope for
computationally driven material property prediction for the future synthesis of customized
materials of choice.

We hereby present lateral heterojunctions of ZnO:AIN and ZnO:GaN materials for
photocatalytic and optoelectronic applications and demonstrate the role of individual material
property parameters such as composition, anion vacancy defects, and strain towards modulating
the activity of these materials. Along with presenting the role of these intrinsic parameters on the
bulk electronic properties of the materials, we reveal the material behavior at the interfaces. The
interfaces of ZnO and metal nitrides present a nephelauxetic effect (expansion of electron cloud)
due to the increased covalency of the metal-nitrogen bond as opposed to metal-oxygen bonds.?’
Studying these interfaces at their stoichiometric, non-stoichiometric, strained and unstrained
forms paves the way for futuristic designs of heterojunctions. Investigation of anion vacancies
(in neutral and charged states) at the bulk and at the interfaces provided key site-specific insights
on the vacancy formation and the resulting electronic states in these novel heterojunctions. These

results are the basis for site-selective catalysis and provide a foundation for rational design of

next-generation photocatalytic and optoelectronic materials.

COMPUTATIONAL METHODOLOGY:

The metal oxynitrides have been investigated by spin-polarized density functional theory

calculations using Vienna ab-initio Simulation Package (VASP — 5.3.3).33 Plane wave basis sets
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have been used throughout. GGA approximation of electron densities was used for calculation of
lattice constants, enthalpy of formation, vacancy formation energies and the electronic states.
Projector augmented wave (PAW) potentials®’ and Perdew-Burke-Ernzerhof (PBE)* exchange
correlation were used for most of the calculations. A consistent energy cut off of 600 eV was
maintained for all the calculations. We used a 2x2x2 supercell (consisting 32 atoms) for all the
basic wurtzite (P63mc space group) structures of ZnO, AIN and GaN. The lattice constant was
obtained through a series of cell volume relaxation calculations. Gamma centered 8x8%8 kpoint
mesh, with symmetry on for k-point reduction, was used for all the 32 atom supercell structures.
Electronic density of states was calculated via PBE, HSE06 and GW methods to test the band gap

variation as a function of different potentials.

The heterostructures of ZnO, AIN and GaN are made of either 32 atom supercells, 48 atom
supercells or 64 atom supercells based on different composition ratios. The k-point mesh was
adjusted accordingly to maintain similar grid spacing, while maintaining symmetry (detailed in
Table S1). d electrons were accounted for the calculations using LMAXMIX flag. The effect of
lattice strain was investigated by probing the density of states under strained lattice parameters.

The extent of lattice strain in a material has been reported as the percentage deviation from its pure
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state. Percent vertical strain was defined as l)/ c; and percent biaxial strain was
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l

initial values. The neutral and charged vacancy formation was calculated as per the following

equation.*’

Evac = EDefect_Mat - EPure_Mat + Z niu; + qErp
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While Epefect mat 18 the energy of the non-stoichiometric defect state, Epyye mar represents the
pure stoichiometric phase energy. Er is the Fermi level of the material. Thus, E,,,. is the energy
to create a vacancy of n; atoms of either oxygen or nitrogen (having their respective chemical
potentials ;). g is the charge associated with the vacancy formation. The charged state of each
atom was calculated via Bader analysis.*!**? All the crystal structure illustrations are made using

XCrySDen software.

RESULTS AND DISCUSSIONS

The illustrations of these lateral heterojunctions are revealed in Figures 1 (A-D). The
side-projections of hexagonal wurtzite phases of (ZnO)x(AIN)i-x and (ZnO)x(GaN);-x are
portrayed in Figures 1A and 1C, respectively, while the top views (Figures 1B and 1D) explicitly
reveal the heterojunctions. Different compositions have been studied, ranging from nitride rich
phase (X = 0.25) to zinc oxide rich phase (X = 0.75). Based on these composition ratios, the
thickness has been varied from one layer (8 atoms) to three layers (24 atoms) of either
oxide/nitride phase along the b axis of the crystal. These lateral interfaces consist of Ga/Al-O and
Zn-N bonds, while periodic continuity has been maintained along the a and ¢ axes, thus creating
periodic potential wells along the b axis. The optimized lattice constants (a, b, c) of the lateral
heterojunctions of ZnO:AIN and ZnO:GaN, as calculated via density functional theory are
reported in Table S2. Lattice constants of the pure wurtzite phases of ZnO, AIN and GaN are
also documented in Table S2. As observed, the lattice constants increase with increasing ZnO
content, synchronous with the trends of lattice constants of pure wurtzite phase of ZnO, AIN and
GaN. With increasing ZnO composition in the heterojunctions, the bond lengths between

constituent elements show a monotonic increase as well (Table S3, Figures S1 and S2). The
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enthalpy of formation reveals increased stability with increased ZnO concentration (Figure 2A).

Electronic structure modulation via these lateral heterojunctions is evident from Figure 2B. We

(€)

Figure 1: Illustrations of lateral heterojunctions of wurtzite phase (ZnO)x(AIN);-x (A-B)
and (ZnO)x(GaN);x (C-D)

observe a trend of decreasing band gap with increase in ZnO concentration for both
(ZnO)x(AIN)1-x and (ZnO)x(GaN)i-x. GGA based band gap calculations are known to
underestimate the band gap, however they are perfect for observing the trends across a set of
materials. Figure S3 reveals that while HSEO6 and GW based methods provide more accurate
band gap calculations, GGA based methods fare quite well in predicting the trends across
different materials. Thus, throughout this article predictions are made based on GGA based
calculations. These results are promising for material property tuning simply by composition
variation. This resulting reduction in band gap from that of pure phase ZnO, AIN and GaN is
often attributed to the Zn-3d and O-2p and N-2p repulsion'® 22, and allows for these

heterojunctions to perform in visible light applications.
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These heterojunctions are intrinsically strained as is evident from the lattice constant
values. When these are grown on substrates with different lattice constants, these structures are
even more strained. There are evidences of substrate induced strain and tuning material
properties for catalytic and optoelectronic purposes.****’ Hence, an investigation on the effects of
strain towards tuning the electronic states is of prime importance. We observe an increased band
gap with biaxial compression and the reduction of band gap with tensile relaxation for the
(ZnO)x(AIN)1x systems (Figure 2C). For (ZnO)x(GaN)i-x heterostructures (Figure 2D), both
biaxial and vertical compression effect in increased band gap, while causing reduction of the
band gap under tensile relaxation. Figure S4 portrays the strain tuning of the pure materials like
ZnO, AIN and GaN. While the changing bulk density due to strained lattice parameters has a role
in tuning the band gap, the inherent material responses towards different strains cannot be
ignored. Figure S4 (B) portrays the tolerance of AIN towards vertical strain while being easily
tuned under biaxial strain. ZnO on the contrary is more affected by the vertical strain. The VBE
of these materials are known to comprise of the antibonding states of Zn-3d or O-2p or N-2p,
while the CBE is mostly dominated by the antibonding states of s-p orbitals of the metals. With
lattice compression, the bonding orbitals are stabilized and the antibonding orbitals are
destabilized.!" 4% CBE being more perturbed by the strain effects,!! there is net increase of
band gap with compression and vice versa with tension. Moreover, it is also revealed that the
biaxial strain is more effective than the vertical strain in tuning band gap of these lateral
heterojunctions. This may be due to the fact that the VBE is comprised mostly of the N-2p
orbital, followed by Zn-3d and O-2p'®?2, and therefore the p-d repulsion between Zn-3d and N-
2p, which is accentuated by strain normal to the interface (i.e. biaxial), will have the greatest

effect on the band gap. Figures 2(E-H) depict the shift of the density of states of the Zn-3d
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Figure 2: Enthalpy of formation (A) and band gap variation (B) for (ZnO)x(AIN);-x and
(ZnO)x(GaN)ix with varying composition. Band gap tuning of (ZnO)x(AIN);-x (C) and
(ZnO)x(GaN)ix (D) via biaxial and vertical tensile and compressive strain. Modulation of
electronic density of states of Zn-3d orbital of (ZnO)o.s(AIN)o.s along the VBE and CBE
under biaxial strain (E-F) and under vertical strain (G-H). Modulation of electronic density
of states of Zn-3d orbital of (ZnO)o.5(GaN)o.s along the VBE and CBE under biaxial strain
(I-J) and under vertical strain (K-L).

orbital across the VBE and CBE of (ZnO)o.5(AlN)o.5. The y-axis of the DOS plots represents the

density of states (states/eV) with the positive and negative axes corresponding to spin-up and
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spin-down states. The valence band edge (VBE) has been aligned to E-Er = 0. Thus the band gap
variation due to different strain is revealed by the conduction band edge (CBE) position. As per
Figure 2F, we see the CBE of (ZnO)o.5(AIN)o.s being shifted far right under biaxial compression
(green shaded area) and shifted to the left under biaxial tensile relaxation (red shaded area). This
portrays the effect of biaxial strain on each of the interfacial atoms that effects the band gap
modulation. Figure 2(G-H) depicts the effects of vertical strain on the interfacial Zn-3d orbitals.
Though the projected density of states is shifted right under compression and vice-versa, the
effects are less pronounced than that under biaxial strain. Similar patterns have been plotted for
(Zn0O)o.5(GaN)o.5 (Figures 2(I-L)), and the effects of vertical and biaxial strain are similar. Under
both biaxial compression (Figure 2J) and vertical compression (Figure 2L), we demonstrate right
shift of the CBE of interfacial Zn-3d orbitals (green shaded area). Overall biaxial strain is found
to have a much more pronounced effect than vertical strain on (ZnO)o.5(AlN)o.5, while for
(Zn0O)o.5(GaN)os the effects are quite close. This can be attributed to lattice mismatch of the
heterostructures and the intrinsic band gap tunability traits of AIN under biaxial strain (Figures
S4-B). The lattice mismatch of ZnO and AIN is much more than that of ZnO and GaN. This is
also reflected in the lattice constant values (Table S2) of these heterojunctions. Thus, the effect
of biaxial strain (normal to the interface) is more prominent for (ZnO)x(AIN);x than
(ZnO)x(GaN)1-x. Understanding these effects of strain on the band gap and band edges is
essential for tailoring these heterojunctions towards specific applications. Additionally,
knowledge of the behavior of atomic orbitals at the band edges, particularly at the VBE, is
critical for predicting light absorption properties.

Since it is the interface that exhibits under/over coordinated sites and charge

accumulation/depletion, we probed the atom projected density of states of different constituent
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elements at their bulk and interface locations. A detailed schematic of the bulk and interface
atoms in these lateral heterojunctions is provided in Figure S5. Figures 3(A-D) show the
electronic density of states of Zn, O, Al and N orbitals across the VBE and CBE of
(Zn0O)o.25(AIN)o.75. Every atom in this wurtzite phase is tetrahedrally coordinated to four other
atoms. For a zinc atom in its bulk location, all the four nearest neighbor atoms are oxygen, while
an interface zinc atom interacts with one nitrogen atom and three oxygen atoms. Nitrogen is a
less electronegative element than oxygen, and thus the metal-nitrogen bond is more covalent in
nature causing a decrease in the oxidation state of the interface zinc atom. This difference in the
electronic charge accumulation for a bulk and an interface atom of zinc is shown in Figure 3A
where we plot only the most dominant Zn orbital along the VBE (Zn-3d). Such charge
accumulation at interface atoms allows enrichment of these heterojunctions with catalytic active
sites without the need for less-abundant external dopants. The most dominant orbital along the
CBE for zinc is the 4s orbital. It is also depicted that the bulk zinc atoms exhibit higher
electronic density of states across the CBE than the interface atoms. Table S4 documents the
oxidation states of all the elements across bulk and interfaces of these (ZnO)x(AIN);.x and
(ZnO)x(GaN)1-x heterojunctions. For aluminum, the most dominant orbital across the VBE and
CBE is the 3p orbital. The oxidation states (Table S4) are similar across bulk and interface and
that is reflected in the VBE (Figure 3C), however the CBE shows proliferation of empty 3p-
electronic density of states at the interface compared to that of the bulk elements. The interface
effects on the O-2p electronic density of states are shown in Figure 3B while the same for N-2p
is depicted in Figure 3D. This variation in the electronic density of states of all the elements are
witness to enhanced catalytic reactivity at the interfaces. The difference of charge states are

already reported in Table S4. A similar trend (Figures 3E-3H) is observed for (ZnO)o.25(GaN)o.75
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as well. These electronic density of states at the bulk/interface maintain their traits even under
strained conditions as shown in Figure S6.
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Figure 3: Variation of the electronic density of states of the most prominent
orbitals across VBE and CBE for zinc (A), oxygen (B), aluminum (C) and
nitrogen (D) at the bulk and interface sites for (ZnO)o.25(AIN)o.75. Variation of the
electronic density of states of the most prominent orbitals across VBE and CBE
for zinc (E), oxygen (F), gallium (G) and nitrogen (H) at the bulk and interface
sites for (Zn0O)o.25(GaN)o.7s.
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The site-specific variation of the charge states and electronic density of states is directly
linked to the vacancy formation characteristics of these materials. Catalysis over defect sites are
well known and it is of prime importance to explore the vacancy formation phenomenon over
these heterojunctions. Vacancy defect states act as charge traps and have direct influence on the
charge transport properties. We report the oxygen and nitrogen vacancy formation energies in
(ZnO)x(AIN)1-x and (ZnO)x(GaN)i-x (Figures 4A-D). Anion vacancies are known to exist in
either neutral or charged states. Oxygen vacancies are reported to be mostly stable in +2 state in
ZnO, while in neutral state under highly n-type conditions.*’ The DFT based methodology has
known issues with calculating band gap for charged defects due the finite size supercell effects
and due to the intrinsic DFT failure with electronic band gap prediction.>® Since large supercell
DFT calculations of charged systems are computationally expensive, we restricted ourselves only
to selective sets of charged vacancy calculations. For (ZnO)x(AIN)i-x, the oxygen vacancy
formation energy at its neutral state was found to be favorable in the bulk as opposed to the
interface sites. This is attributed to the difference in the oxidation states of oxygen at the bulk
and interface (Table S4). An oxygen atom at the interface is more reduced (stronger bonds) and
demands a higher energy input to create a vacancy. The opposite trend is observed with nitrogen
vacancy, where the bulk nitrogen atom exhibits a stronger bond, thereby being more reluctant
towards vacancy formation. This trend of site-selective vacancy formation was observed in

(ZnO)x(GaN)1-x as well irrespective of the material composition. (Figures. 4C-D).
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Figure 4: Oxygen vacancy (neutral) formation energy in (ZnO)x(AIN);.x (A) and
(ZnO)x(GaN);x (C). Nitrogen vacancy (neutral) formation energy in (ZnO)x(AIN);x (B) and
(ZnO)x(GaN)ix (D). Band gap variations in stoichiometric and non-stoichiometric
(ZnO)x(AIN)ix (E) and (ZnO)x(GaN)x (F).

Site dependent vacancy formation energy is the key towards understanding preferred
vacancy formation under real experimental conditions. The role of these vacancies towards
tuning the electronic band gap is depicted in Figures 4 (E-F). We do observe a substantial change

in band gap due to the presence of vacancies, and for all the vacant systems, the trend is
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consistent across the material composition. The formation energy of (+2) charged oxygen
vacancy in (ZnO)x(AIN):-x is reported in Figure SA. The charged vacancy formation was found
to be more favorable than the neutral ones (Figure 4A). We also find that the preferred site for
vacancy formation is still in the bulk, and not at the interface (lower vacancy formation energies
at the bulk, Figure 5A). The effect of oxygen vacancies (+2) at the bulk and interface sites on the
electronic states of (ZnO)o.5(AlN)o s is shown in Figure 5B. Interestingly we observe that there
are mid-gap states being generated due to the vacancies, which will effectively increase the
ability of these vacant materials to produce excitons or can also act as trap states. Generation of
electronic mid-gap states is also found in oxygen vacant (ZnO)o.25(AIN)o.75 and

(Zn0O)0.75(AIN)o.25 under (+2) charged states (Figures S7(A-B)).

In order to have a better understanding of the oxygen vacant sites of (Zn0)o.5(AIN)o s, the
electronic density of states of the nearest neighboring zinc atoms are plotted (Figures SC-H).
Every oxygen atom in a stoichiometric pure (ZnO)o.s(AlN)os is tetrahedrally surrounded by four
atoms (detailed in Figure S5). A bulk oxygen atom has four zinc atoms as its neighbors while the
interface one has three atoms of zinc and one aluminum atom. Similar coordination pattern exists
for a zinc atom as well, where an interface zinc atom has only three oxygen neighboring atoms
and a bulk zinc atom has all four oxygen atoms as neighbors. In this scenario, it is possible to
locate a bulk zinc atom in (ZnO)o.5(AIN)os which has an interface oxygen atom as well as a bulk
oxygen atom as its neighbors. Similarly, it is also possible to locate an interface zinc atom with
both an interface oxygen atom as well as a bulk oxygen atom as its neighbors. This presents a
perfect platform for studying the effect of bulk and interface oxygen vacancies in both neutral

and charged states. The evolution of density of states of the Zn 4s, 4p and 3d orbitals from their
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Figure 5: (A) Charged oxygen vacancy (+2) formation energy in (ZnO)x(AIN)i-x. (B)
The density of states of zinc atoms neighboring a bulk and an interface oxygen vacancy.
(C-E) DOS of a bulk Zn (4s, 4p, 3d) atom neighboring bulk and interface oxygen
vacancies in neutral and charged states. (F-H) DOS of an interface Zn (4s, 4p, 3d) atom
neighboring bulk and interface oxygen vacancies in neutral and charged states.
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pure state to oxygen vacant form is thus revealed in Figures 5C-E respectively. Proliferation of
4s and 4p orbital density of states across VBE and CBE on the formation of a neutral oxygen
vacancy is noted, along with increase of band gap due to the increased repulsion of the electron
cloud. This is justified by the decrease of zinc oxidation states due to the formation of neutral
vacancies both across the bulk and interfaces respectively (Table S5). There also exists a minor
site-specific vacancy effect on the extent of increase of VBE states, which affects light
absorption properties. The extent of electron accumulation on a bulk zinc atom due to the
formation of a nearby bulk oxygen vacancy is more than that compared to a nearby interface
oxygen vacancy (Table S5). This leads to more enhanced of VBE states of Zn-4s and Zn-4p
under bulk oxygen vacant condition as opposed to interface oxygen vacancy states

(Figures 5C-D).

On the contrary, a reverse effect is observed when a charged oxygen vacancy is formed.
In that scenario, the electron accumulation on a bulk zinc atom is more when an interface oxygen
vacancy is present and vice-versa. This allows a bulk zinc 4s and 4p orbitals to contribute
towards increased mid-gap state formation when an interface oxygen vacancy is formed and vice
versa (Figures 5C-D and 5F-G). Figures 5 (F-H) depicts the evolution of 4s, 4p, and 3d orbital
density of states of an interface zinc atom under the influence of both bulk and interface oxygen
vacancies at neutral and charged states. This reverse trend of electron accumulation effects on
zinc atom under bulk/interface oxygen vacancies is closely related to crystal relaxation pattern
during vacancy formation. As observed in ZnO systems, an oxygen vacancy results in four
dangling zinc-oxygen bonds in a a/ symmetry. In the case of neutral vacancies, this state has two

electrons, while in the case of charged vacancies, this state has none. This drives the local crystal
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relaxation in opposite directions. We also observed a similar relaxation pattern in our
(Zn0O)o.5(AIN)o.5s materials, whereby the four dangling zinc atoms try to collapse towards the
vacant site (move inwards) for a neutral vacancy, while for a charged vacancy, they relax
outwards (Table S6). The nearby Zn-O bond length is a measure of this change — increased bond
length for neutral vacancies and decreased bond lengths for charged vacancy (Table S6). In a
similar fashion, (ZnO)o.5(GaN)o.5 exhibits these trends under neutral and charged vacancy as well
(density of states shown in Figure S8). These effects of vacancy formation both under neutral
and charged states for these lateral heterojunctions are of acute interest for site specific catalytic

reactions.

CONCLUSIONS

These results are a manifestation of the vast capabilities of these materials to be tuned as
per custom requirements. Intrinsic material parameters like composition, strain and vacancies
can translate to substantial changes in the electronic properties of these heterojunctions. The site-
specific anion vacancies over these heterojunctions offer avenues for tuning vacancy
concentration and location at different reaction/synthesis conditions. It has already been reported
that even CO adsorption energy, a key descriptor of CO» conversion reactions, increases with
oxygen vacancies.'® 3! With precise control of site specific defect creation, strain and
composition tuning, we anticipate these materials are potential candidates for any photocatalytic
water/carbon dioxide splitting purposes as well as for optoelectronic devices. With the advance
of experimental protocols, we strongly believe these next generation materials can be fabricated

for their application in energy efficient solutions.
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SUPPORTING INFORMATION:

Figures for bond length variation, pure phase (ZnO, AIN and GaN) band gap calculation, strain
effects on band gap of pure phase materials, detailed schematic of the lateral heterojunction,
strain induced Zn-3d orbital PDOS variation, DOS for oxynitrides under charged oxygen vacant
conditions.

Tables for k-point information, DFT optimized lattice constants, bond lengths, oxidation states of
each atoms of stoichiometric compounds, variation of oxidation states of zinc atom neighboring

oxygen vacancies, Zn-O bond lengths around oxygen vacant sites.
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