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This paper presents the first principles, density functional theory, computations of pure zinc nitride (ZnsN,) and
its doped counterparts with dopants of native elements (Zn, N) and copper family elements (Cu, Ag, Au). Atomic
geometry, formation energy, and electronic structure of defects in ZnsN, are also investigated. The formation
energies of both native defects and copper family element impurities are predominantly affected by the chemical
potential of different chemical species. The earlier experimental observation of electronic properties associated
with nitrogen deficiency in Zn3N, is consistent with the results of formation energy calculations. Point defects
of copper family elements have an energetic preference to occupy a substitutional N site, rather than Zn or
interstitial position at a special value of chemical potential of nitrogen. The calculation of defect density of states
suggests that among all three copper family elements, copper is the most suitable candidate as a p-type dopant in
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1. Introduction

Zinc nitride (ZnsN,) is a [I-V compound semiconductor 1], which is
considered as a promising material, for electronic, optoelectronic,
photovoltaic and sensor applications because of its favorable optical
and electrical properties [2-4]. It offers additional advantages such as
environmentally-friendly processing, non-toxicity, earth abundance of
zing, and potentially low fabrication cost [5-7]. Although first synthesized
more than 70 years ago [8], zinc nitride remains relatively unexplored
and its physical properties are not well understood. In the last couple of
decades, there has been an increase in experimental studies on zinc
nitride. Beginning with its structure identification in 1997 [9], zinc nitride
has been prepared and studied by various fabrication methods and
characterization techniques [1-3,6,10-14]. Theoretical investigation has
been restricted to the study of native and oxygen defects [15-17]. Zinc
nitride usually exhibits n-type conductivity, which has been confirmed
by different experimental groups [6,10-14]. Studies on other physical
properties, such as electronic band gap, as well as the transition type
(direct or indirect), electronic mobility, and conductivity, have produced
data with a large variation [1,3,5,6,10,11,18,19].

In order to apply this material in electronics and photovoltaics,
p-type doping of zinc nitride is very important. One possibility is to
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create p-type Zn3N, by doping it with appropriate elements. Copper
family elements were investigated as p-type dopants in ZnO [20].
Therefore, our group in University of Toledo is conducting experimental
work to study the possibility of copper family elements as p-type
dopants for ZnsN,. However, there has been no theoretical study, in
the past, on the effect of possible p-type dopants in zinc nitride. Such
an investigation would be intrinsically important and also serve as a
guide for future experimental work. Thus, this investigation is focused
on the first principles computational exploration of structural, electronic
and energetic properties of: (i) pure ZnsN, and (ii) point defects in
ZnsN, of native elements Zn and N along with those of the copper family
namely, Cu, Ag and Au. The band structure of pure Zns;N, and the
electronic structure of pure and defective ZnsN, were determined. The
formation energies of several native defects, as well as those of the copper
family, were computed. Our results indicate that ZnsN, is a small bandgap
material with a direct band transition behavior. We observe that the
formation energies of both native defects and copper family element
impurities are affected dramatically by the chemical potential of different
atomic species. At a special value of chemical potential of nitrogen, copper
family elements energetically favor occupancy of a nitrogen substitutional
site, rather than a zinc or interstitial position. However, the three
elements of the copper family show differences in individual electronic
character while occupying a nitrogen site. The electronic structure of
Cu-doped ZnsN, supports strong p-type behavior whereas doping of
Ag or Au did not show such an effect.
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2. Computational method

All computations were performed by ab initio total energy calculations
within the generalized gradient (GGA) and local density (LDA) approxi-
mations to density-functional theory [21,22] using the Vienna ab initio
simulation package [23-26] of codes. In this implementation, core elec-
trons are implicitly treated by ultrasoft Vanderbilt type pseudopotentials
[27] as supplied by Kresse et al. [28] using the Ceperly and Alder
exchange-correlation functional as parameterized by Perdew and Zunger
for the LDA [29] and by Perdew and Wang (PW91) for the GGA [30,31].
For each calculation, irreducible k-points were generated according
to the Monkhorst-Pack scheme [32]. A k-point density equivalent to 4
k-points in the irreducible part of the Brillouin zone resulted from tests
for energy convergence in the 40-atom primitive cell. The single-
particle wave functions were expanded in a plane-wave basis using a
420 eV energy cutoff for LDA and 460 eV for GGA. These values were
determined to be sufficient by performing convergence tests for an
accuracy of 1 meV. The absolute minimum in total energy was obtained
by varying the lattice constant. Full relaxation of ions was performed to
find the minimum energy for each configuration. All atoms were allowed
to relax until a force tolerance of 1 meV/A was reached for each atom. The
calculations for the density of states (DOS) and local density of states
(LDOS) were performed with Methfessel-Paxton scheme for the energy
[33]. Computations for inclusion of defects were performed in a supercell
with 320 atoms of pure ZnsN, constructed by periodically repeating the
40-atom primitive cell in three dimensions. Based on the type of defects,
an atom of a different kind was either added or removed or replaced in
these supercells of ZnsN,.

3. Results and discussion
3.1. Optimized structure of pure zinc nitride

Pure zinc nitride belongs to the space group Ia3 with space group
number 206. It has a cubic anti-bixbyite structure with a Pearson
symbol cI80 [9]. The primitive cell of ZnsN, consists of a Zny4N;¢ unit
of 40 atoms in a cubic shape. We computed the lattice constant of this
cell to be 9.839 A by using GGA as shown in Table 1 or 9.601 A by
using LDA. Based on the percent error, which is within 0.7% by GGA or
1.7% by LDA when comparing with the established value, 9.77 A [9],
GGA was selected for all computations that follow. Positions of the
forty atom basis in this cell are obtained from International Tables for
Crystallography [34] and the corresponding atomic structure is shown
in Fig. 1. The Zn3N, structure can be regarded as a face-centered cubic
(fcc) arrangement of N atoms with the larger Zn atoms occupying 3/4
of the tetrahedral sites. The absence of the Zn atoms in the unoccupied
tetrahedral holes produces a slight distortion of the fcc structure, as
shown in Fig. 1. The N atoms forming the fcc lattice occupy two distinct
N positions. The first type of position, N1, is the 8b Wyckoff position [34]
while the second type, N2, is the 24d Wyckoff position. The Zn atoms in
the tetrahedral sites occupy the 48e Wyckoff position. As a result of the
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Fig. 1. Atomic structure of pure ZnsN, (along z direction); red (larger) circles represent zinc
atoms, and white (smaller) circles represent nitrogen atoms. Shown is an 80 atom unit cell.

distortion, the Zn atoms in the tetrahedral sites have three distinct
nearest-neighbor Zn-N2 distances. More details about atomic geometry
are described in next section. The bulk modulus was computed to be
140.2 GPa with GGA and 176.6 GPa with LDA. A comparison with
other published values is shown in Table 1.

We show the computed band structure of pure zinc nitride in Fig. 2,
along with the electronic DOS. Fig. 2 shows that the conduction band
(CB) minimum and the valence band (VB) maximum are both located
at the I point. The band structure also shows no band gap due to the
well-known error in the LDA and GGA methods of density functional
theory, which leads to the underestimation of approximately 50% or
more in many nitrides [35]. Differences in fabrication methods are
known to cause significant changes in physical properties of this
material. A common contaminant, upon growth of zinc nitride films, is
oxygen of which there is always a small fraction estimated to be at
least about 5% in the material and which occurs in many other nitrides
[6,36]. In general, larger fraction of oxygen contained in film will result
in the increase of the band gap value, up to the value of ZnO, 3.2 eV. Thus
there is a large uncertainty in the experimental values for the band gap
in the literature with reported values of 1.26 eV [6], 2.25 eV [37] and 3.2
eV [1]. This large uncertainty precludes the fixing of the band gap with
the LDA + U technique applicable in other materials such as Si or
GaAs where the band gap is precisely known experimentally.

The DOS in Fig. 2 indicates that the states near the top of the VB arise
mainly from N-2p states and Zn-3d states. The peak in the CB at around
2 eV is dominated by N-2p, Zn-4s and Zn-3p states. This observation is

Calculated and experimental structural data, lattice constant a, bulk modulus B, bond lengths between the Zn atom and nearest N atom of the first or second type d(zn-n1) and d(zn-n2)

respectively, in the ZnsN, structure.

Structure This work Other theoretical results Other experimental results
a(A) 9.839 (GGA) 9.667%,9.769° 9.7691(1), 9.758¢
diznnny (A) 2.14 (GGA) 2.095% 2.122° 2.133¢
diznna) (A) 2.01,2.06, 2.33 (GGA) (1.990, 2,019, 2.096)° (1.996, 2.068, 2.262)°
(2.002, 2.060, 2.287)"
B (GPa) 140.2 (GGA) 202.2% 228(2)°
176.6 (LDA)

2 Ref. [17], theory uses GGA.
Refs. [15,16], theory uses LDA.
Ref. [9], experiment.

Ref. [6], experiment.

b
C
d
€ Ref. [35], experiment.
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Fig. 2. Band structure and density of states (DOS) of pure ZnsN,. The Fermi energy (Eg) is
set to zero and represented by the dashed line.

consistent with previous theoretical work on zinc nitride [16,17]. The
appearance of N-2p states, near the Fermi energy, in the VB and CB
signifies their importance in the electronic behavior of zinc nitride.

3.2. Atomic geometry of pure and defective ZnsN,

The bond lengths in pure ZnsN, are 2.14 A for Zn-N1 and 2.01 A,
2.06 A, and 2.33 A for Zn-N2. These values listed in Table 1 are in agree-
ment with previous theoretical [15-17] and experimental work [6,9,38].
The geometry of atomic positions was influenced by the type of defect
introduced. When a vacancy was formed at the N1 position, the nearest
Zn neighbors, six in total, were pushed farther apart by ~8%. However, in
the cases of vacancies at N2 or Zn positions, nearest neighbors, six Zn
atoms or four N atoms respectively, remained almost unchanged.
Their mutual distances changed by less than 0.5%. It shows that the
effect of the relaxation response by introducing an N vacancy is strongly
influenced by its location and nearest neighbor environment. For an
interstitial defect (D) introduced at the high symmetry Wyckoff
position 8a, (0, 0, 0), there are six Zn and six N nearest neighbor atoms.
The average bond lengths from D to Zn atoms and D to N atoms are,

Table 2
The energy of formation of zinc nitride (Zn3N,) and related nitrides.
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Fig. 3. Native defect formation energies for (i) a vacancy at the first type of nitrogen site
(Vn1), (ii) a vacancy at the second type of nitrogen site (Vyz), (iii) a vacancy at the zinc
site (Vzy), (iv) a nitrogen interstitial (Iy), and (v) a zinc interstitial (Iz,) as a function of
chemical potential of single N atom, top axis and Zn atom, bottom axis. Both interstitials
are positioned at high symmetry Wyckoff position 8a (0, 0, 0).

respectively, 2.48 A and 2.38 A (for D = Zn), 2.15 A and 2.65 A (for D =
N), 241 A and 2.46 A (for D = Cu), 2.50 A and 2.56 A (for D = Ag), and
2.52 A and 2.60 A (for D = Au). Similarly when copper family elements
substituted N at the N1 position, the average bond lengths to nearest Zn
atoms were 2.48 A (for Cu) and 2.59 A (for Ag and Au), all of which are
larger than the one in pure ZnsN,, of 2.14 A. These changes in the bond
lengths suggest that radii of the defect atoms are the main factor deter-
mining the atomic geometry for this interstitial position. This contrasts
with the case when copper family elements substituted Zn. Then the
bond lengths to N at N1 position are 2.14 A (for Cu), 2.46 A (for Ag) and
2.33 A (for Au). All these values are closer to the value in pure ZnsN, of
2.14 A. These lengths cannot be explained away merely by the differing
atomic radii. The electronic bonding differences affect these lengths. The
same trend is observed for bond lengths from the defect atom to N at
the N2 site.

3.3. Defect formation energies

3.3.1. Formation energy calculation
Following standard practice [39-44] we computed the defect (D)
formation energies, Erorm(D,q), in charge state g, by the equation:

Eform(Ds Q) = Edef(D~ q)_Epure(Zn3N2) —Nzpzn —NNEN—TpHp + Q(Me + EV) (])

where n; (i = Zn, N or D) denotes the number of atoms of type i that
were added to (n; = + 1) and/or removed from (n; = — 1) the supercell
when the defect was introduced with p; being the corresponding
chemical potential of the species i [40,45]. The electron chemical
potential is t. [46] and the valence band maximum in the pure
supercell, with no defect, is Ey. The energy Eqef(D,q) is computed for a
supercell containing the relaxed defect D in charge state q and

Type of nitrides Energy of formation (eV)
Uy = —8.26 eV Uy = —3.28 eV
Half of the total energy of the N, molecule Total energy of a single spin-polarized N atom
ZnsN, 0.13 —9.83
CusN 1.21 —8.75
AgsN 257 —739
AuN 3.26 —6.70
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Table 3
Formation energies (in eV) of native defects of ZnsN..
Types of defects Eform (eV)
N-poor condition (uy = —8.20 eV; iz, = —1.10 eV) N-rich condition (uy = —3.28 eV iz, = —4.38 eV)
Iz 122 450
In 5.76 0.84
Vzn 1.95 —1.33
Vni 0.11 5.02
VN2 0.36 5.27

Epure(Zn3Ny) is the total energy of a supercell of the same size with no
defect. Considering several charge states is beyond the scope of the
size of the current article. Hence, we will focus on the defects in neutral
state (q = 0). Therefore, Eq. (1) simplifies to:

Eform (Dv 0) = Edef (Dv O)_Epure (ZH3 NZ) —Nzptzn — NN —TpHp (2)

It is difficult to determine the values of u for different species in a

given experimental setup purely from ab initio methods. Even so,
under equilibrium growth conditions, there are some thermodynamic
limits on the chemical potentials 1 which we now list. First, to avoid
precipitation, the chemical potentials of Zn, N, and/or the impurity D
(D = Cu, Ag, Au) are bound by the conditions:
”Zn S:“anulk* I“LN S:uN,Max ) :uD S.“D,bulk’ (3)
where Lz, bulk i the total energy per Zn atom, computed in the bulk hex-
agonal closed pack phase of metal Zn, and pip 1k Was computed from fcc
bulk phases of Cu, Ag and Au. Depending on fabrication conditions, i,
Max 1S the maximum possible chemical potential of the nitrogen atom,
which is discussed in Section 3.3.2.

Second, g is limited to those values that maintain a stable ZnsN,
compound, and therefore is bound by

3lzn + 21y = Hpyre (ZN3N) 4)

where pipyre(Zn3N,) is the energy per formula unit ZnsN,. Combining re-

Finally, to avoid the formation of secondary phases between the
impurity D and the host elements, g is limited by

aplp + b:uZn<Epure(Daznb): (7)
for substitution defects at N sites and
aflp + b.uN<Epure (DaNb)a (8)

for substitution defects at Zn sites. Here a and b are the number of impurity
D and host atoms in the formula unit of the respective stable alloy (D,Zny,)
or nitride (D,Np,) phases. The energy Epure(DaZnp) is the total energy of
the alloy D,Zny, and Ejre(DaNpb) presents the total energy of CusN, AgsN
or AuN computed from their most stable cubic phases which belong to
space group of Pm3m, Pm3m, Fm3m, respectively. For small concentra-
tions (<1%) of either Cu or Ag or Au added as dopants, the corresponding
alloy phase diagrams [47-49] show alloys in the hexagonal close pack
phase. Therefore we computed Ep,re(D,Zny,) values with a large supercell
of 1D (D = Cu, Ag, Au) atom and 127 Zn atoms. For substitution defects at
Zn sites Egs. (3) and (8) give two different limits for the upper bound on
Up. We need to choose the minimum of these two limits. A similar case
occurs for the substitution defects at N sites with Egs. (3) and (7). We
then get the final limits:

Hp Max = min(ﬂD,bulka (Epure(Daznb)_b:uZn) /a) for DNl and DN2 (9)

. .. and
sults from Egs. (3) and (4) we obtain the limits:
Hp Max = min (:uD‘bulkv <Epure (Da Nb)_b“N) /a) for DZn . (10)
(:upure (ZH3N2)_2HN,Max> /3 <Hzq S:uZn‘bulk (5)
and . . .
3.3.2. Chemical potential of nitrogen
As mentioned in the previous section, tty is important for the defect
formation energy computations, and its maximum, i\ vax Will affect the
(ﬂpure (Zn3N;)—3 ”’Zn.bulk) /2 <y <Hy max- (6)  computation results significantly. In general, iy max is computed as half
Table 4
Computed formation energies (in eV) of single atom Cu, Ag and Au defects as interstitials or substitution defects in ZnsN,.
Types of defects Eform (eV)
N-poor condition (ty = —8.20 eV; iz, = —1.10 eV) N-rich condition (uy = —3.28 eV iz, = —4.38 eV)
Cuzp, 157 —045
Agzn 244 —004
Auzq 298 1.42
Cuyy 9.65 551
Agni 943 5.54
Auyy 8.87 4,64
Cunz 10.39 6.25
Agna 10.39 6.50
Aun, 9.82 5.59
Ieu 219 219
Ing 3.18 3.18
Iau 4,00 4,00
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Fig. 4. Formation energies for different substitution defects, Cuz,, Agz, and Auz,, at Zn
position as a function of chemical potential of single N atom. Dashed lines signify values
of iz, and py where there is a change in slope of the formation energy lines.

of the total energy of the N, molecule [43,50,51]. However, the nitrides
of transition metals, X;Np, especially of copper family elements, are
extremely difficult to form. Their energy of formation is calculated as:

Er(X,Ny) = H(X,Ny)~pty— bty (11)

where p(X,Nyp) is the energy per formula unit X;N;, (X = Zn, Cu, Ag, or
Au), and a and b are the number of element X and nitrogen in their
stable nitride (X,Np) phases. Table 2 shows the positive energy of
formation of X,N;, (namely, ZnsN,, CusN, AgsN and AuN) calculated by
using puy as half of the total energy of the N, molecule, verifying this
observation as well. This problem is caused because molecular nitrogen
N,, when directly used as a nitrogen source in growth, cannot form the
metal-nitrogen bond. It needs to transform to a charged species such as
N3~ [35,52-55]. In order to overcome this problem, extra energy should
be provided to help the charge separation by increasing the pi via use of
intermediate compounds or plasma source or both [39,56,57]. Therefore,
we have used, as Ly max the chemical potential value, of —3.28 eV, of a

N-rich py (eV) N-poor
by =326 -8.09 by = 8:20
10 | E
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;n-poor Hzn (V) Zn-rich

Fig. 5. Formation energies for different substitution defects at N1 and N2 position of nitro-
gen as a function of chemical potential of single N atom. Note that the X axis is not uniform
with break in uniformity shown by the dashed line. The breaks also signify values of u
where there is a change in slope of the formation energy lines.

400 T r T

400 ! VAN

400

/\/\/\/\EL Vie -
400 e : NSZAY

AW o
400 N VA

400

Density of States (states/eV)

T

E-E, (eV)

Fig. 6. DOS of ZnsN,; (pure) with no defects and with different types of native defects: a
vacancy at the first type of nitrogen site (Vy1), a vacancy at the second type of nitrogen
site (Vn2), @ vacancy at the zinc site (V,), a nitrogen interstitial (Iy), and a zinc interstitial
(Izn). Both interstitials are positioned at high symmetry Wyckoff position 8a (0, 0, 0).
Energy is relative to the Fermi energy (Er) represented by the dashed line.

spin-polarized single N atom instead of half the total energy of the N,
molecule, —8.26 eV. This value accounts for the breakup of the N, mole-
cule which occurs during growth due to the plasma and the resulting
complex chemical alteration of the N, molecule. From this changed

10 ————

‘pure

Local Density of States (states/eV)

1 2 3 4
E-E, (eV)

Fig. 7. LDOS of pure Zns;N, and with different substitution defects at the N1 position of
nitrogen. The LDOS is only the portion of total density of states projected onto the defect
and its nearest neighbor atoms. Energy is relative to the Fermi energy (Eg) represented
by the dashed line.
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Fig. 8. LDOS of pure Zn3N, and with different substitution defects at the Zn position. The
LDOS is only the portion of total density of states projected onto the defect and its nearest
neighbor atoms. Energy is relative to the Fermi energy (Er) represented by the dashed line.

value of uy emerges the, physically more meaningful, negative energy of
formation of X Ny, shown in Table 2.

3.3.3. Formation energy of native defects

We simulated several possible native defects, namely N vacancy at
two types of nitrogen sites (Vni, Vnz2), Zn vacancy (Vz,), and self-

15

15

15

Local Density of States (states/eV)

E-E, (eV)

Fig. 9. LDOS of pure Zn3N, and with different interstitial defects at the Zn position. The
LDOS is only the portion of total density of states projected onto the defect and its nearest
neighbor atoms. Energy is relative to the Fermi energy (E) represented by the dashed line.

interstitial of N (Iy) and Zn (Iz,) at the high symmetry Wyckoff position
8a, (0,0, 0).

The formation energies for various native defects, computed from
Eq. (2) with chemical potential limits deduced from Egs. (5) and (6),
are presented in Fig. 3. Table 3 lists the formation energies for various
native defects in two extreme conditions: (i) N-poor (Zn-rich)
condition where iz, reaches its maximum iz, puik Which takes a value
of —1.10 eV, and (ii) N-rich (Zn-poor) condition where L, reaches its
minimum, at —4.38 eV. Due to the limits in Eq. (4), for the first case
Un reaches its minimum at —8.20 eV and in the second case it reaches
its maximum at —3.28 eV.

As shown in Table 3 as well as the right-end of Fig. 3, in N-poor (Zn-
rich) condition, the small formation energy for an N1 and N2 vacancy,
by one order of magnitude compared to other three types of defects
(Vzn, Iz, and Iy), may suggest its propensity in experimental observa-
tion [3,6,11,18,58,59]. Upon the existence of such vacancies and
exposure to air, replacement of N1 site vacancies by oxygen may be
possible. The DOS in Fig. 2 has already indicated that nitrogen p states
influence the electronic behavior of zinc nitride significantly. Thus
differences in N vacancy concentrations may be the reason of
disagreement in electronic band gaps reported in experimental
work [1,6,37], which differ in sample preparation and hence material
chemical composition. In the N-poor condition, next to Vy; and Vo,
Iz, has the third lowest formation energy with a value that is only
about half of the value of Vz, and one fifth of the value of Iy. Based
on the observations in earlier experimental work [3,6,11,18,58,59],
there is a gradually emerging consensus that excess of zinc and
deficiency of nitrogen are the two main factors responsible for
n-type conductivity of zinc nitride. Present results here support
this conclusion.

With the increase of py and simultaneous decrease of iz, as
depicted in Fig. 3, the formation energies for V1, Vn2 and Iz, increase
while those of Iy and V7, decrease. When an N-rich (Zn-poor)
condition is reached, the Vz, will be extremely easy to form while
probability of Iy formation will also be non-trivial, based on the
results of formation energy, seen in Table 3 and the left-end of
Fig. 3. The presence of these two types of defects will result in
p-type conductivity. This observation suggests that by adjusting
the chemical potential of nitrogen in the fabrication process, the
type of conductivity of the defective zinc nitride can be changed.
This may unveil the reason for the different types of electrical
conductivity of zinc nitride in previous experimental work, since
variations in growth conditions lead to different values of pz, and
un affecting defect concentrations significantly [3,5,6,11,18,19,58,
59].

3.3.4. Formation energy of impurities — Cu family elements

Systematic approaches to synthesize p-doped ZnsN, are currently of
experimental interest. The copper family elements, Cu, Ag, and Au have
one less outer shell electron than zinc. They have also been theoretically
investigated earlier, as p-type dopants in zinc oxide [20]. Therefore, the
single atom defects of Cu, Ag, and Au are identified as the potential
p-type dopants in ZnzN,.

The formation energies of zinc nitride with single atom Cu-family
element, as an uncharged defect at various positions, were computed
from Eq. (2) with chemical potential limits deduced from Egs. (5), (6),
(9), and (10). These positions include the interstitial (Ip) at high
symmetry Wickoff position 8a (0, 0, 0) and substitution defects at Zn
(Dzy), and at two types N sites (Dy; and Dy») where, D = Cu, Ag, and
Au. Table 4 lists the formation energies for these defects in two extreme
conditions, (i) N-poor (Zn-rich) condition where L, reaches its maxi-
mum value, tz, buik, Which equals —1.10 eV and (ii) N-rich (Zn-poor)
condition where iy reaches its maximum value of —3.28 eV.

In Fig. 4, the influence of chemical potential of single N atom on
formation energies of substitution defects at Zn position is shown. In
N-poor condition (right-end of the figure), the highest possible
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chemical potential of defect elements, tp max, Was found to be pip puik
from Eq. (10). Therefore, based on Eq. (2) along with Eqgs. (4) and
(10), the defect formation energy of substitution defects at Zn position
was calculated as:

Etorm (D, 0) = Eqer (D, 0)~Epure(Z15No)~(—1) x| (e (Z13No) =20 ) /3] =(+1) X fp -
(12)

We note that Eq. (10) indicates that tip max = Hppuk When piy is below a crit-
ical value . The value of yc changes with the defect D and is —7.05 eV for
Cu, —5.69 eV for Ag and —5.00 eV for Au. Similarly, tippuk is —3.77 eV for
Cu, —2.72 eV for Ag, and —3.19 eV for Au. On the other hand if 1y > pic then
UpMax = (Epure(DaNb) — bun)/a. In this latter case pipmax becomes a
function of i, instead of being a constant value tip by This change in
the value of up max indicates the shift in propensity for the defects to
form bulk precipitates compared to the formation of secondary defect
element nitrides. Based on Eq. (12), the defect formation energies for
Cuz, and Agz, keep decreasing with increasing piy but with a slow rate
of decrease and reach the minima at the N-rich (left-end of the figure)
condition, while for Aug,, the formation energy increases instead of
decreasing with the increase of the pn. Moreover, as seen in Table 4,
formation energies of D, increase with atom radius, of the defect,
under N-poor and N-rich conditions.

The defect formation energy of substitution defects at N positions
can be written in a similar manner to Eq. (12) as:

Eform(D: 0) = Eger (D, 0)~Epure (215N )~(—1) x| (Hpure (Z05Ny) -3tz ) /2] =(+1) X Hppg.
(13)

Fig. 5 shows the influence of chemical potential of a single N atom, ziy, on
formation energies of substitution defects at N positions, N1 and N2. The
change of slope of formation energies is also observed, and it is caused
by the similar changes in pip max.- When py < —8.09 eV for all three
defect elements, including the N-poor condition, the value of
UpMax = (Epure(DaNp) — bun)/a, is a function of py. While uy increases
and gets larger than —8.09 eV, pp takes the constant value of tip pu. We
observe the minimum in formation energies of substitution defects at N
positions at uy = —8.09 eV for all defects. This indicates energetic
favorability to substitute N at the N1 and N2 sites even over substitution
of Zn at this special point. We speculate that the easy formation of native
defect N1 vacancy (based on data from Table 3 and Fig. 3) could be
another reason of this occurrence, besides the change of the tip yax-

For interstitial (Ip) at high symmetry Wickoff position 8a (0, 0, 0),
the formation energies are calculated from Eq. (2) and listed in
Table 4. They increase with the atomic radii for defects in both N-poor
and N-rich conditions. The same trend is also observed at for the defect
substitution at the Zn site but not at the N positions. We observe in
Table 4 that the formation energies of defects of a given element follow
in descending order for the defects Dy, D1, Ip, and Dz,

3.4. Electronic structure

3.4.1. Native defects

In Fig. 6, the DOS of pure Zn;N, and with different types of native
defects is shown, and they correlate well with their respective formation
energies in N-poor condition. With respect to its own Fermi energy, the
filled and empty DOS of Vy; are shifted to a lower energy level, compared
to the case of pure zinc nitride. A similar shift, though lesser in magnitude,
is seen for the case of Vi, and Iz,. This correlates well with these three
defects exhibiting the lowest formation energies. This case contrasts
with the case of V, and Iy where the filled state DOS shifts to the right
in Fig. 6 and these two defects have the highest formation energies. The
shift of the DOS to a lower energy level for V1, Vo, and I, is accompa-
nied by the first peak in the CB getting closer to the Fermi energy (Eg)
indicative of n-type character as seen in experiment [3,6,11,18,58-60].

3.4.2. Impurities — Cu family elements

Fig. 7 shows the LDOS of pure Zns;N, and with different substitution
defects at the N1 position. The effects, in the LDOS, of substitution defects
at the N2 positions are similar to those at N1. Therefore, only the N1 case
is shown in Fig. 7. The LDOS is only the portion of total density of states
projected onto the defect and its nearest neighbor atoms. For a substitu-
tion defect at N1 or N2 position, there are six Zn nearest neighbors.
Fig. 7 shows that the magnitude of the defect-introduced states in Cuy;
is higher than that in Agy; or Auy;. In addition, the location of these states
in Cuyy is different than that in Agnq, or Auys. The defect-introduced
states for Cuy; are located close to the top of the valence band, while in
Agn1 or Auyg, they are located relatively higher in energy. This suggests
that Cu-doped zinc nitride is likely to show p-type character while
Ag- or Au-doped zinc nitride may display n-type conducting behavior.

In Fig. 8, LDOS of pure ZnsN, and of different substitution defects at
the Zn position are presented. To differentiate the effect of first forming
a vacancy by removing a Zn atom and subsequent filling of this vacancy
by a dopant atom the LDOS for V, is shown. For a substitutional defect
at a Zn position, there are four N nearest neighbors. The effect of copper
family elements as substitution defects at Zn position on the electronic
properties at the edges of valence band and conduction band is very
similar and all show an increase in the density at Eg.

Fig. 9 depicts the LDOS of pure ZnsN, and of different interstitial
defects. To compare with native defects, LDOS for Iy and Iz, are shown.
The nearest neighbor atoms of the interstitial defect include six Zn
atoms and six N atoms. In Fig. 9, it can be seen that the copper family of
elements as interstitial defects all produce a shift in the LDOS to lower
energy levels. This shift is similar to the one caused by Zn as an interstitial
defect.

4. Conclusion

Structural, electronic and energetic properties of (i) pure ZnsN, and
(ii) point defects of native species Zn and N and copper group elements
Cu, Ag and Au were investigated, with density functional theory compu-
tations. The lattice constant, bulk modulus and electronic band structure
of pure ZnsN, were computed. The analysis of the DOS of pure ZnsN,
showed clearly that electronic behavior is closely related to and,
therefore, easily affected by nitrogen. The formation energies of both
native defects and copper family element impurities are affected signifi-
cantly by change of chemical potential of different species. For native
defects, in N-poor condition, nitrogen vacancies and zinc interstitials are
energetically favored over nitrogen interstitials. There exists a special
region in parameter space, near iy = — 8.09 eV, where substitution of
N atoms, by Cu, Ag and Au, is favored over substitution of Zn atoms. The
LDOS of copper family elements suggests that Cu-doped zinc nitride
will tend to show the p-type character while Ag- or Au-doped zinc nitride
may display n-type conducting behavior.
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