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Zinc nitride (ZnsN,) is a promising candidate for optoelectronics
applications due to its high electron mobility and high electrical
conductivity. It is also thought that ZnsN, can be used as a starting
material to achieve p-type conductivity in ZnO-based oxide homo-
junctions. In this work, the electronic structure of bulk ZnzN, is studied
using density-functional theory (DFT) with different approximations to
the exchange-correlation functional, ranging from (semi-)local func-
tionals to the quasiparticle GoW, approach. We predict a bandgap in
the range of 0.9-1.2 eV, reconciling the scattered values reported in
experiments, and a remarkably low work function (ionisation potential)
of 4.2 eV for the (111) surface.

Introduction

For optoelectronic applications such as light emitting diodes
(LEDs) and laser diodes, all-oxide homojunctions are very much
desired and have distinct advantages over their hetero-coun-
terparts, such as the prevention of heterojunction interfacial
mismatch (resulting in lower efficiency), as well as reducing
the high cost involved in the fabrication of semiconductor
heterojunctions.

In this aspect, zinc oxide (ZnO) is often considered as the
choice material for the making of the oxide p-n homojunction,
especially for ultraviolet UV/blue optoelectronic applications
due to its wide bandgap energy of 3.437 eV (at 2 K) and large
exciton binding energy, 60 meV.' Unfortunately, due to the fact
that the ZnO exhibits naturally strong n-type conductivity under
the influence of native defects or adventitious donors, alterna-
tive ways to achieve p-type conductivity in ZnO are currently
pursued by many researchers hoping to understand the
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fundamental physics to design and achieve robust p-type
conductivity in Zn0O.>*

Recently, it has been proposed that a promising route to
fabricate ZnO p-n homojunctions could be the trans-
formation of zinc nitride (Zn;N,) into p-type ZnO by thermal
treatment in oxidizing ambient conditions.®® The interest in
Zn;N, is also due to its intrinsic high electron mobility of 100
em” V' s and as well as a high carrier concentration, 10*°
cm™3.° The low cost involved in the production of Zn;N, also
makes it an ideal choice for mass production in electronic
systems. Both the binary zinc nitride system and the ternary
zinc oxynitride mixture are composed of earth abundant
elements, which makes them of further interest for solar
energy harvesting. Control of the optical response, by varying
the composition, could offer a route to low-cost, high-effi-
ciency solar cells.

Unfortunately, as compared to ZnO, the fundamental bulk,
surface and interface properties of Zn;N, are poorly under-
stood, possibly be due to the fact that Zn;N, oxidizes rather
easily under ambient conditions. Given the difficulty to study
the properties of pristine Zn;N,, the true value of its intrinsic
bandgap energy is still a matter of controversy, and reported
values range from 1.0 to 3.2 eV.*™® This current lack of under-
standing clearly hinders the further development of ZnO-based
p-n homojunctions in devices.

In this letter, using density-functional theory (DFT), we will
show that choice of the exchange-correlation (xc) functional is
crucial in providing a consistent description of the electronic
structure of ZnzN,. Semi-local functionals severely underesti-
mate the bandgap energy and augmenting them with the
Hubbard U model does not improve this shortcoming, while
hybrid density-functionals provide the most consistent picture
when compared to the many-body GW theory.

Computational approach

All calculations were performed using the Vienna Ab initio
Simulations Package (VASP) code,'*'* employing a planewave
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basis set with an energy cutoff of 500 eV, within the projector
augmented-wave (PAW) approach.® In this work, the 40-atom
primitive cell of Zn;N, was used for all calculations, and the
Brillouin-zone integrations were performed using a gamma-
centered k-point grid of 4 x 4 x 4. The atomic geometry and
electronic structure of bulk Zn;N, was first calculated using
the local-density approximation (LDA),"” the generalized
gradient approximation (GGA) due to Perdew, Burke, and
Ernzerhof (PBE),'®' as well as the Hubbard U augmented
forms of these approximations. For the LDA/GGA + U
approach, various effective U values on the Zn 3d states were
tested (ranging from 1 to 7 eV), and an optimal U of 5 eV was
chosen. (See Appendix for more information) To further assess
the accuracy of the electronic structure of bulk Zn;N, within
(semi-)local approximations, we have also performed elec-
tronic structure calculations using the modified Becke-John-
son meta-GGA* due to Tran and Blaha (TB-mBjJ),** the
HSE06*>** and PBEO** hybrid functionals, as well as the per-
turbative quasiparticle GoWy*> *¢ approach performed on top
of the HSE06 wavefunction.”

Results and discussion

Zn;N, is known to crystalize in the anti-bixbyite structure
(space group of Ia3), with a body-centered cubic lattice. The
conventional cell of Zn;N, has 80 atoms, as illustrated in
Fig. 1a. The anti-bixbyite structure can be thought of as the
calcium fluorite (CaF,) structure with N atoms occupying the
cation sites, while the Zn atoms are located at three quarters of
the anion sites. In this structure, the N atoms are coordinated
to 6 neighbouring Zn atoms at 2 distinct sites represented by
the 8b (1/4, 1/4, 1/4) and 24d (x, 0, 1/4) Wyckoff positions, as
illustrated in Fig. 1b.

Table 1 contains the calculated equilibrium lattice constant
(neglecting zero-point vibrations) and the direct bandgap
energy of Zn;N, using various levels of approximations to the
exchange-correlation density functional, as well as GW theory,
in comparison to available experimental values.

Fig. 1

(b)
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Table 1 Calculated equilibrium lattice constant, a and the direct
bandgap energy, E4 of ZnzN,, using various levels of approximations.
The corresponding experimental values are reported in the last row

a (&) Egy (V)
LDA 9.593 0.03
PBE 9.857 No gap
LDA + U 9.418 0.62
PBE + U 9.692 0.23
TB-mB] — 0.95
HSE06 9.756 0.86
PBEO 9.767 1.48
GoWo — 1.15
Experiment 9.769%* 1.0-3.2°7"

The structural parameters calculated using PBE + U (9.692 A),
PBEO (9.767 A) and HSE06 (9.756 A) provide the best agreement
with the reported experimental value of 9.769 A. The LDA and
LDA + U values are clearly underestimated (up to 3.6%), while
PBE overestimates it by about 1%. These are generally in line
with analogous studies of other nitride materials.>*-** Thus, for
the TB-mBJ and G,W, calculations, structural parameters of
bulk Zn;N, were fixed to the values determined using HSE06
as those methods cannot currently be used for lattice
optimisations.

Turning to the electronic structure of Zn;N,, we find that
the values of the bandgap energy are just as scattered as
those reported from experiments. Recent studies have shown
that G,W, generally has quantitative accuracy when
describing the bandgaps of most (non-transition metal)
semiconductors.®*3” In this sense, the calculated G,W,
bandgap energy value will be used as the benchmark and is
found to be 1.15 eV. The calculations using LDA and PBE
yield virtually a zero bandgap, with their Hubbard U coun-
terparts improves it by about less than 0.5 eV, but still largely
underestimated as compared to the G,W, value. Both the
HSEO06 and PBEO hybrid density-functionals further improve
the bandgap energy with PBEO overestimating it by about 0.5
eV. Interestingly, the recent meta-GGA functional, TB-mB]

(Color online) (a) Perspective view of the atomic structure of bulk zinc nitride. (b) Spatial arrangement of zinc atoms around 2 distinct types

of nitrogen atoms (denoted as 8b and 24d Wyckoff positions). The zinc atoms are represented as large white spheres, while the nitrogen atoms

(8b and 24d) are shown as small yellow and blue spheres, respectively.
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gives a bandgap energy value of 0.95 eV which agrees the best
with the G,W, bandgap energy value. However, the band gap
is just one relative energy difference from the full band
structure and this agreement might not provide a fully
consistent picture to the electronic structure of bulk Zn;N,.
To illustrate this, we calculated and plot the electronic
bandstructures of bulk Zn;N, obtained by LDA, TB-mB]J, and
HSEO06 in Fig. 2.

One challenge for electronic structure techniques applied to
ZnO and related semiconductors is in the treatment of shallow
core d states.’® Focusing on the relative position of the localized
Zn 3d states in the sub-valence band (near —6 to —8 eV), it
becomes apparent that the meta-GGA still fails to correct the
level of Zn 3d states as predicted by the LDA (i.e. still too high
with respect to the valence band maximum),*>*° albeit bringing
the bandgap energy value closest to that by the G,W,
approach.”* On the other hand, using HSE06 which includes a
percentage of the exact non-local Fock exchange, then recon-
ciles the correct placement of the Zn 3d states.

Thus, we now proceed to further study the electronic struc-
ture of bulk Zn;N, using the HSE06 density-functional with
confidence that this level of theory will provide a balanced and
consistent description of its electronic structure.

In Fig. 3a, we analyze the electronic density-of-states in three
regions: (i) the sub-valence band (—9 to —6.5 eV), (ii) the upper-
valence band (—6.5 to 0 eV), and (iii) the conduction band
(above 0.86 eV). The sub-valence band finds a large contribution
from the highly localized Zn 3d states, while the overlapping of
the Zn 3d and N 2p states can be seen in the upper-valence band
with the N 2p states more pronounced nearer the top of the
valence band. The conduction band comprises of the empty Zn
4s and N 2s states. This corroborates well with the partial
electron densities plotted for the states near the band edges in
Fig. 3b and c.

Given that the physics of ZnO-based p-n homojunctions is a
major research goal, as a first-step, it will be important to
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Fig. 2 (Color online) The calculated electronic band structure of
Zn3N, obtained by (a) LDA, (b) TB-mBJ and (c) HSEO6 density-
functionals. The valence band edge is set to 0 eV. The conduction
and valence bands are shown as yellow and blue lines, respectively.
The bandgap energies calculated by TB-mBJ and HSEO6 are 0.95
and 0.86 eV, respectively, whereas the bandgap energy by LDA is
0.03 eV.
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Fig.3 (Color online) (a) Electronic density-of-states for bulk ZnzN>. (b)
3D isosurfaces of the partial electron density of the states near the
valence band edge and (c) that near the conduction band edge. These
are calculated using the HSE06 density-functional. In (a), the valence
band edge is set to 0 eV. The continuous lines indicate the contribution
of Zn 3d (in blue) and 4s (in orange) states while the dashed lines
represents the states of N 2p (in red) and 2s (in black). In (b) and (c), the
Zn atoms are represented as large white spheres while the N atoms are
shown as small blue spheres, respectively.

understand the relative band alignment of pristine ZnO and
Zn;N,. In Fig. 4, we plot the natural valence band alignment
based on our calculated ionisation potential of Zn;N, and the
previously calculated value for ZnO using the quantum
mechanics/molecular mechanics (QM/MM) approach.”* This
QM/MM approach has been shown to produce very accurate
ionization potentials for materials, as it has direct access to the
vacuum level.*®* We calculated the ionisation potential for Zn;N,
using the slab model, adopting the standard approach as
indicated by Van de Walle et al.** First, a surface work function

Vacuum Level

T %
42¢eV i 7.7 eVl
09ev] i
Zn\N, 1
34¢eV ||
i

ZnO

Valence Band

Fig. 4 (Color online) Predicted band alignment between ZnsN, and
ZnO. The calculated work functions (ionization potentials) of ZnzN,
(HSEO6) and ZnO (B97-1) are 4.2 and 7.7 eV, respectively, with their
corresponding bandgap energies being 0.9 and 3.4 eV.

This journal is © The Royal Society of Chemistry 2014
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Table2 Structural properties (in A) of ZnsN, obtained by PBE + U functional. Lattice constant and bond lengths between nitrogen and zinc atom.
N1 is nitrogen atom located at 8b Wyckoff position, N2 located at 24d. Zn?, Zn® and Zn® are the neighbor atoms of N2 atom. Errors with

experimental results are given in parentheses (in %)

Functional Uegr (in eV) Lattice constant Zn-N1 Zn“-N2 Zn’-N2 Zn“-N2
PBE + U 0 9.857 2.144 2.015 2.065 2.329
(0.90) (0.52) (0.95) (—0.15) (2.96)
1 9.830 2.137 2.011 2.065 2.312
(0.62) (0.19) (0.75) (—0.15) (2.21)
2 9.800 2.129 2.007 2.063 2.296
(0.32) (~0.19) (0.55) (—0.24) (1.50)
3 9.768 2.121 2.002 2.061 2.278
(~0.01) (~0.56) (0.30) (—0.34) (0.71)
4 9.733 2.112 1.997 2.058 2.262
(~0.37) (—0.98) (0.05) (—0.48) (0.00)
5 9.695 2.103 1.991 2.054 2.244
(~0.76) (—1.41) (—0.25) (—0.68) (—0.80)
6 9.653 2.093 1.984 2.049 2.227
(-1.19) (—1.88) (~0.60) (—0.92) (—1.55)
7 9.605 2.081 1.975 2.043 2.209
(—1.68) (—2.44) (~1.05) (—1.21) (—2.34)
Exp.”® 9.769 2.133 1.996 2.068 2.262

is determined by aligning the electronic band structure with
respect to the vacuum level determined by a slab calculation of
the stoichiometric (111) surface termination, which has no
residual dipoles. The slab consisted of four quadrupolar layers
(160 atoms). The natural band offset is thus the offset of the
bulk ionisation potentials for each material, relative to the
vacuum level. This alignment is free of any strain affects expe-
rienced at a true interface, and so represents a “natural band
alignment” that would be seen between two unstrained
materials.

The value of the HSEO6-derived work function of ZnzN, is
4.2 eV, which is aligned to the bulk ionisation potential using
the core N 2p core level in the centre of the slab. The work
function is remarkably low, e.g. for the photocatalytic oxide TiO,
has a value close to 8 eV.** The natural value of 4.2 eV, places the
valence band of Zn;N, 3.5 eV above that of ZnO, which results in
a Type-IIB (misaligned) band offset.”> While it is generally
expected that the valence band of the nitride would be higher in
energy than an oxide due to the relative binding energy of the N
2p and O 2p atomic energy levels, this effect is exaggerated due
to unusual octahedral coordination of N in Zn;N, in contrast to
the regular tetrahedral environments found for III-V semi-
conductors. The value is comparable to the new class of nitride
electrode materials, which have work functions as low as 2.6
eV.***” We emphasise that the predicted natural band offset is
representative of the two isolated systems, while for a syn-
thesised heterostructure, interfacial effects (structural, compo-
sitional and electrostatic changes) could alter the Type-IIB
behaviour.

Conclusions

In summary, we studied the electronic structure of bulk Zn;N,
systematically from the LDA to the many-body GW approach.

This journal is © The Royal Society of Chemistry 2014

We find that (semi-)local density-functionals (including the
recent TB-mB] functional) do not provide a consistent descrip-
tion of the electronic structure of bulk Zn;N,. The hybrid
density-functional HSE06 provides the most consistent picture,
yielding a bandgap energy value of 1 eV, close to that predicted
by the G,W, approach. The predicted work function of Zn;N, is
remarkably low, which is closer to alkaline earth nitrides than
typical III-V materials. Future work should consider the inter-
facial structure of a ZnO/Zn;N, composite and the effects of
partial oxidation on the electronic structure.

Appendix

Here we report the structural (in Table 2) and electronic prop-
erties (in Fig. 5) of Zn3N,, as calculated using the PBE + U
approach. We tested different U values, ranging from 0 to 7
eV, and benchmarked our results with that calculated using the
HSEO06 hybrid DFT functional for the electronic structure and
available experimental results for structural properties.
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(Color online) Total (TDOS) and projected (PDOS) density of states for ZnzN, calculated by HSEO6 (as a benchmark) and PBE + U with

different Ugg values (ranging from O to 7 eV). The gray shade indicates TDOS obtained using the HSEO6 functional, the red line TDOS using the
PBE + U approach, and the blue dotted line PDOS of Zn 3d states using the PBE + U approach. The valence band edge is set to 0 eV. The
appropriate Ut is then determined as 5 eV, matching the sub-valence band (near —8 eV) of HSEO6 and PBE + U. We find this value of Ugs = 5 eV

in close agreement with other Zn-based compounds, e.g. ZnO.4-%°
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