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Self-doping behavior and cation disorder in MgSnN2
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Investigations on II-Sn-N2 (II = Mg, Ca) have been started very recently compared to the intense research
of Zn-IV-N2 (IV = Si, Ge, Sn). In this work, we study the phase stability of MgSnN2 and ZnSnN2 in wurtzite
and rocksalt phases by first principles calculations. The calculated phase diagram agrees with the experimental
observation; i.e., MgSnN2 can form in the wurtzite and rocksalt phases while ZnSnN2 only crystallizes in the
wurtzite phase. Due to the higher ionicity of Mg-N bonds compared to Sn-N bonds and Zn-N bonds, wurtzite-
type MgSnN2 appears under Mg-rich conditions. The defect properties and doping behavior of MgSnN2 in
the wurtzite phase are further investigated. We find that MgSnN2 exhibits self-doped n-type conductivity, and
donor-type antisite defect SnMg is the primary source of free electrons. The high possibility of forming the
stoichiometry-preserving MgSn + SnMg defect complex leads to our study of cation disorder in MgSnN2 by using
the cluster expansion method with first principles calculations. It is found that cation disorder in MgSnN2 induces
a band-gap reduction because of a violation of the octet rule. The local disorder, namely, forming (4,0) or (0,4)
tetrahedra, leads to an appreciable band-gap reduction and hinders the enhancement of the optical absorption.
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I. INTRODUCTION

Binary nitride semiconductors and related alloys have wide
applications, such as high-power and light emitting devices
[1–5]. As analogs to binary nitride semiconductors, ternary
nitride semiconductors have recently drawn immense atten-
tion because of their richer composition space and potentially
wider applications [6–10]. Among them, the Zn-IV-N2 (IV =
Si, Ge, Sn) series and their alloys have been under intense
exploration [11–15]. Due to the beneficial characteristics, viz.,
earth abundant composition, suitable band gap, and benign
defect properties [6,9,11], ZnSnN2 has gained special interest,
which has been proposed as a potential photovoltaic absorber
[9]. However, it was lately identified that ZnSnN2 suffers
from a degenerate electron concentration (1018–1021 cm−3)
no matter whether synthesized as bulk by a high-pressure
metathesis reaction or as thin films grown by molecular beam
epitaxy (MBE) or sputtering [8,9,16–18]. Such high concen-
tration of electron carriers can change the onset of the light
absorption spectrum due to the Burstein-Moss effect [8,9] and
exceed the optimal range of carrier concentration for photo-
voltaic application (1016–1018 cm−3) [19,20], which indicates
that ZnSnN2 may be unsuitable for photovoltaic application.
Nevertheless, ZnSnN2 based photovoltaic devices have been
fabricated, but they show low power conversion efficiency
of 1.54% [21,22]. However, solutions to reduce the carrier
density in ZnSnN2 are still under investigation because of
its aforementioned natural advantages [23–25]. It is exper-
imentally demonstrated that both the Zn-rich condition and
low-temperature growth are beneficial for suppressing the car-
rier concentration [23]. A degenerate electron behavior is also
found in ZnGeN2 [26,27] but a corresponding finding has not
been reported yet for ZnSiN2.
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In contrast to the intense research on Zn-IV-N2 (IV = Si,
Ge, Sn), studies on II-Sn-N2 (II = Mg, Ca) have been started
only recently [28–34]. The electronic properties of MgSnN2
were studied first by Jaroenjittichai and Lambrecht [28], with
a band gap predicted close to 3.4 eV while their recent work
revised the band gap of MgSnN2 to be 2.3 eV after including
Sn-4d semicore states [29]. Nonetheless, the cation disorder
of MgSnN2 remains insufficiently explored, which is expected
to have an important effect on the band gaps according to
preceding studies of Zn-IV-N2 (IV = Si, Ge, Sn); i.e., cation
disorder strongly influences their electronic structure [13,35].
Experimentally, Greenaway et al. prepared MgSnN2 thin films
with a broad range of cation compositions and gave a phase
map of samples under different Mg/Sn ratios and temper-
atures [31]. Apart from the wurtzite-type phase, this map
shows in particular that a rocksalt-type phase appears under
Mg-rich conditions, which has not been observed in ZnSnN2

and ZnGeN2 under Zn-rich conditions [24,36]. Additionally,
MgSnN2 crystallizes in the rocksalt-type structure by using
a metathesis reaction under high pressure whereas ZnSnN2

crystallizes in the wurtzite-type structure when using the same
preparation method [32,33]. This leads to the question of why
MgSnN2 can appear in the rocksalt-type phase while ZnSnN2

and ZnGeN2 appear only in the wurtzite-type phase. It is still
an open question to date, which will be addressed in this
study. In addition, high electron densities in Sn-rich MgSnN2
(∼1020 cm−3) and in Mg-rich samples (∼1018 cm−3) have
been reported recently, which shows a similar degenerate
behavior to ZnSnN2. However, the origin of high electron
density is not clear.

In this work, we study the phase stability of MgSnN2 and
ZnSnN2 in the wurtzite and rocksalt phases, and investigate
defect properties of MgSnN2 in the wurtzite phase via first
principles calculations. Donor-type antisite defect SnMg is
identified as the primary source of high electron carriers,
which leads to self-doped n-type conductivity of MgSnN2
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under Mg-poor/Sn-rich and Mg-rich/Sn-poor condition. By
changing the chemical potential of the growth environment
from Mg-poor/Sn-rich to Mg-rich/Sn-poor, the calculated
density of electrons is reduced by an order of magnitude of
3. Moreover, we perform a comprehensive investigation of
cation disorder in MgSnN2 by using the cluster expansion
method with first principles calculations. It is found that cation
disorder in MgSnN2 induces a band-gap reduction because
of the formation of motifs violating the octet rule, which is
similar to the cases of ZnSnN2 and ZnGeN2.

II. CALCULATION METHODOLOGY

The MgSnN2 in the β-NaFeO2 structure type with the
space group Pna21 (no. 33) is more stable than that wurtzite-
type phase with space group P2/c (no. 13), as suggested by
Ref. [31]. Both crystal structures obey the local octet rule.
The geometry optimization, calculations of total energy, and
electronic structure were performed within the framework of
density functional theory via the Vienna ab initio simula-
tion package (VASP) [37–39]. The projected augmented wave
pseudopotential was utilized to describe the ion-electron in-
teraction [40,41]. The following electron configurations were
treated as valence electrons: Mg (2p63s2), Sn (4d105s25p2),
N (2s22p3), and Zn (3d104s2). A 520 eV energy cutoff of
a plane-wave basis was used for all calculations. The con-
vergence criterion for the energy and the force were set
at 10−5 eV and 0.01 eV/Å, respectively. The Perdew-Burke-
Ernzerhof exchange-correlation functional revised for solids
(PBEsol) within the generalized gradient approximation
(GGA) was employed [42]. PBEsol can describe the lattice
parameters well; i.e., in most cases, the lattice parameters re-
laxed by PBEsol are close to the experimental values [43–45].

Formation energies and transition levels of defects are
cell-size and k-sample dependent. It has been revealed that
a 128-atom supercell based on the β-NaFeO2 structure type
with a 2 × 2 × 2 Monkhorst-Pack k point for calculating the
defect properties of ZnSnN2 gives reasonable results [19,46].
The same setting is adopted for defect properties calculation
of MgSnN2 herein. Formation energies and transition levels
are calculated by using the formula given in Refs. [47–49].
To correct the band gap from GGA, the hybrid function is
one of the best choices [50], which combines good accuracy
with a feasible numerical cost. Thus, we employed HSE06
with standard 25% exact Fock exchange for the total energy
calculations for intrinsic point defects and defect complexes
of which the structures are optimized by PBEsol (named the
PBEsol-HSE procedure). The geometry optimization is rec-
ommended to be carried out by HSE06 for higher accuracy
[51]. However, the evaluation of formation energies of all de-
fects in MgSnN2 by hybrid functional throughout (called the
HSE-HSE procedure) is currently out of our computational
capacity. For a benchmark, we only employed the HSE-HSE
procedure to calculate the formation energies of the domi-
nant donor defect SnMg. Corresponding discussion is given
in Sec. III C. The potential alignment and image charge cor-
rections are applied to defect formation energies by using the
method described in Ref. [52]. Fermi level, defect, and carrier
densities are calculated by self-consistently solving the charge
neutrality conditions [53], of which 773 and 300 K are were

FIG. 1. Band structures of MgSnN2 in the (a) wurtzite phase
[space group (SG) Pna21] and rocksalt phase [space group (SG)
P2/c], respectively.

considered as growth temperature and measuring temperature
[31,33,34]. The binding energy (Eb) of a defect complex is
calculated by

Eb = EAB + EP − EA − EB, (1)

where EAB, EP, EA, and EB are the total energies of the defect
complex A + B, host supercell without any defect, supercell
with isolated defect A and supercell with isolated defect B,
respectively [54]. The calculated negative (positive) binding
energy represents for attraction (repulsion) for defect com-
plex. Eb represents the binding energy of one point defect
attached to a defect pair for defect triplets.

Different levels of cation disorder for MgSnN2 were con-
sidered (see Sec. III D), which starts from the β-NaFeO2

structure type with the space group Pna21. Accordingly, 128-
atom supercells with different levels of cation disorder were
generated by the cluster expansion method [55,56] by using
the MCSQS code implemented in the Alloy Theoretic Auto-
mated Toolkit (ATAT) [57]. Two shells for pairs and triplets
were considered. HSE06 was employed for the electronic
structure of an ordered compound and disordered compounds
as well. The absorption coefficient spectra of fully ordered
and three partially disordered stoichiometric MgSnN2 sam-
ples were calculated using a denser k-point mesh (less than
2π × 0.01 Å−1).

III. RESULTS AND DISCUSSION

A. Electronic structure of MgSnN2

It was reported that MgSnN2 crystallizes in the wurtzite
phase when grown by the sputtering method [31,34]. Besides
the wurtzite-type crystal structure, MgSnN2 can crystallize in
the rocksalt-type phase by a metathesis reaction under high
pressure [32,33] even though the rocksalt-type phase is en-
ergetically much less favorable than the wurtzite-type phase
[31]. Therefore, we calculated the band structures for both
phases, namely, Pna21 (no. 33) for the wurtzite and P2/c
(no. 13) for the rocksalt-type phase. As shown in Fig. 1,
MgSnN2 in the Pna21 phase exhibits a direct band gap (2.22
eV) at the � point while MgSnN2 in the P2/c phase shows
an indirect band gap (2.89 eV) with valence band maximum
(VBM) at a point along the P-N path and conduction band
minimum (CBM) at the � point. Both phases show a common
characteristic; i.e., the dispersion of the conduction band (CB)
is large whereas the dispersion of the valence band (VB) is
relatively small, suggesting potentially better electron trans-
port than hole transport. Our calculated results for the band
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FIG. 2. Phase diagram displaying the chemical potential regions of MgSnN2 in the (a) wurtzite and (b) rocksalt phase, respectively, and
ZnSnN2 in the (c) wurtzite and (d) rocksalt phase, respectively. The existence of the gray polygon region represents the stability of the
compound. Points A–E in (a) correspond to Mg-poor/Sn-rich/N-moderate (μMg = −2.18 eV; μSn = 0 eV; μN = −0.27 eV), Mg-rich/Sn-
rich/N-poor (μMg = −1.23 eV; μSn = 0 eV; μN = −0.75 eV), Mg-rich/Sn-poor/N-rich (μMg = −1.73 eV; μSn = −1.00 eV; μN = 0 eV),
Mg-poor/Sn-rich/N-rich (μMg = −2.36 eV; μSn = −0.37 eV; μN = 0 eV), and Mg-moderate/Sn-moderate/N-moderate (μMg = −1.96 eV
μMg = −1.96 eV; μSn = −0.50 eV; μN = −0.14 eV) conditions.

gap (HSE06) agree with previous GW calculations [29,31]
but they are both larger than the corresponding experimental
values (∼2.0 eV for the wurtzite and 2.3 eV for the rocksalt-
type phase) [31,33]. One possible reason for this disparity can
be the band-gap reduction induced by the cation disorder in
the synthesized samples.

B. Phase stability of MgSnN2 and ZnSnN2

Figure 2 displays the calculated phase diagram of MgSnN2
(wurtzite and rocksalt phases) and ZnSnN2 (wurtzite and
rocksalt phases) as a function of the elemental chemical poten-
tials. Under equilibrium conditions, MgSnN2 and ZnSnN2 in
ground-state structure, i.e., the wurtzite phase (SG Pna21), are
thermodynamically stable as revealed by the gray shading in
Figs. 2(a) and 2(c). MgSnN2 in the rocksalt phase (SG P2/c)
is also stable but has a narrower stable region than MgSnN2 in
the wurtzite phase, as shown in Figs. 2(a) and 2(b). In contrast,
there is no chemical potential region that can stabilize ZnSnN2

in the rocksalt phase [see Fig. 2(d)] because of its largely in-
creased formation enthalpy (�Hf ) (−0.26 eV/f.u.) compared
to that of ZnSnN2 in the wurtzite phase (−1.18 eV/f.u.).
Our calculated formation enthalpy of ZnSnN2 in the wurtzite
phase is smaller than the value (−2.32 eV/f.u.) calculated
by Punya et al. [58] but larger than that (−0.20 eV/f.u.)
reported by Pan et al. [46]. We employed a density func-
tional theory (DFT) energy correction scheme for anions since

electron self-interaction in compounds with localized elec-
tronic states results in systematic errors in the DFT description
of certain anions [59,60]. For the reliability of this cor-
rection scheme, comparisons between experimental and
calculated formation enthalpies for other compounds are
made, that is, �Hf (GaN) = − 1.32 eV/f.u. (experiment:
−1.14 eV/f.u.) and �Hf (Li3N) = − 1.84 eV/f.u. (experi-
ment: −1.72 eV/f.u.) [60].

As mentioned above, MgSnN2 can crystallize in the
rocksalt-type structure by using a metathesis reaction un-
der high pressure while ZnSnN2 does not crystallize in
the rocksalt-type structure no matter under which kind of
synthesis conditions are present [32]. Our calculated phase
diagram agrees with these experimental observations. More-
over, MgSnN2 in the rocksalt-type phase only appears in the
Mg-rich region while no ZnSnN2 in the rocksalt-type phase
exists in the Zn-rich region [24]. These behaviors can be
ascribed to the ionicity of the bond; i.e., the stronger the ionic
bond is, the more likely it is for a compound to form a struc-
ture with a high degree of coordination [32]. Here, the electron
localization function (ELF) is employed to describe the
bonding characteristic. As shown in Figs. 3(a) and 3(b), elec-
trons are more delocalized around the Mg atom than the
Sn (Zn) atom. The one-dimensional (1D) profile along the
Mg-N bond [Fig. 3(c)] shows the characteristic of mixed
ionic-covalent bonding [51,52]; i.e., the ELF minimum is
above zero in the non-nuclear region (>0.05). The 1D profiles
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FIG. 3. Two-dimensional electron localization function (ELF)
contours of (a) MgSnN2 and (b) ZnSnN2 and 1D profile of ELF
along the (c) Mg-N and Sn-N bond and (d) Zn-N and Sn-N bond,
respectively. Corresponding color code for constituents are shown
on the left of (a), (b).

along the Sn-N bond [Figs. 3(c) and 3(d)] and the Zn-N bond
[Fig. 3(d)] show one basin between the core of Sn (Zn) and the
core of N, and the ELF maximum has moved to the position of
the N atom because of the larger electronegativity of N, which
shows the characteristic of covalent bonding. Thus, MgSnN2
is able to form highly coordinated structures such as the
rocksalt phase under Mg-rich condition and a tetracoordinated
structure like the wurtzite phase under Sn-rich conditions. On
the contrary, ZnSnN2 tends to form a tetracoordinated struc-
ture like the wurtzite phase under both Zn-rich and Sn-rich
conditions.

C. Defect physics of MgSnN2

Studying defect properties of semiconductors is crucial for
figuring out their doping behavior [27,61–65]. In this section,
we focus on the intrinsic point defects and defect complexes
of MgSnN2 in the wurtzite phase. Since oxygen containment
is ubiquitous in nitrides [31,66], antisite ON and interstitial
Oi are considered as well. Chemical potential points A and
C in Fig. 2(a) are chosen for calculating formation energies
as chemical potentials at these two points exhibit the largest
disparity between the Mg and Sn chemical potentials and an
acceptable small difference for the N chemical potential; these
represent the Mg-poor/Sn-rich and Mg-rich/Sn-poor condi-
tions, respectively. Under both chemical potential conditions,
there are eleven donors, viz., VN, MgN, SnMg, SnN, NMg, NSn,
Mgi, Sni, Ni, ON, and Oi, while there are only three acceptors,
namely, VMg, VSn, and MgSn in MgSnN2.

Under Mg-poor/Sn-rich conditions [corresponding to
point A in Fig. 2(a)], cation-cation antisite SnMg has the lowest
formation energy within the entire Fermi level range. SnMg

is resonant with the CB, without transition levels (0/+) and
(0/2+) in the band gap, denoting that SnMg will be ionized
and generate free electron carriers once it forms. ON and VN

are resonant in the conduction as well while they have higher

formation energies than SnMg in the whole Fermi level range.
MgSn is the sole acceptor with formation energy lower than
3 eV when the Fermi level is close to the CB. In contrast to
donor-type defects SnMg, ON, and VN with shallow transition
levels, acceptor-type defect MgSn shows two deep transition
levels (2 − /−) and (−/0) within the band gap. These lo-
calized transition levels can be figured out by analyzing the
component of the electronic structure. As revealed by previous
studies [28,67], the VB of MgSnN2 is mainly contributed by
N 2p and Sn 5d bonding states, and its CB is composed of N
2s, N 2p, and Sn 5s antibonding states. When Sn is replaced
by Mg, the Sn-N bonds are broken and N 2p and Sn 5d hy-
bridized bonding states in the VB are pushed up into the band
gap, forming the deep transition levels in the band gap. For
other defects, i.e., cation-anion antisite (MgN, SnN), anion-
cation antisite (NSn, NMg), cation vacancy (VMg, VSn), and
cation interstitial defect (Sni), their neutral states have rather
high formation energies (above 5 eV), corresponding to an ex-
tremely low population of defects (at the order of 10−11 cm−3

estimated by the formula of equilibrium concentration given
in Refs. [61,62]). Indeed, as shown in the top panel of
Fig. 4(c), only SnMg

2+, SnMg
+, ON

+, VN
+, and MgSn

2− show
appreciable densities under Mg-poor/Sn-rich condition, viz.,
at the order of 1017 cm−3, 1018 cm−3, 1014 cm−3, 1010 cm−3,
and 108 cm−3, respectively. Under the same condition, the
calculated density of electrons reaches 4.8 × 1018 cm−3 while
the calculated density of holes is rather low (� 1 cm−3).
The calculated Fermi level enters into the CB with 0.05 eV
above the CBM, which suggests that MgSnN2 is a degenerate
semiconductor under the Mg-rich/Sn-poor condition. Taken
together, shallow donor-type defect SnMg is the predominant
defect, of which charged states contribute to the n-type con-
ductivity under Mg-poor/Sn-rich condition.

Via changing the chemical potential of the elements (from
the Mg-poor/Sn-rich condition to the Mg-rich/Sn-poor con-
dition), the formation energy of shallow dominant donor-type
defect SnMg increases but that of acceptor-type MgSn de-
creases. The densities of SnMg

2+ and SnMg
+ reduce to 2.1 ×

1015 cm−3 and 3.6 × 1012 cm−3, respectively, and that of
MgSn

2− increases by 1.2 × 1011 cm–3. MgSn acceptor com-
pensates SnMg donor, which leads to the Fermi level pinning
close to the CB. Indeed, the Fermi level calculated by self-
consistently solving the charge neutrality conditions is only
0.16 eV below the CBM, which shows the intrinsic n-type
conductivity of MgSnN2 under Mg-rich/Sn-poor condition
as well. Owing to this compensation, the density of electron
carriers reduces to 4.2 × 1015 cm−3.

It was reported that Sn-rich MgSnN2 samples had electron
densities on the order of 1020 cm−3 and the electron density
value of Mg-rich samples reached 7 × 1018 cm−3. Our calcu-
lated electron densities are two and three orders of magnitude
lower than the experimentally measured values under Mg-
poor/Sn-rich and Mg-rich/Sn-poor conditions, respectively.
Notably, the measured samples were grown with nonequi-
librium deposition techniques involving activated nitrogen,
whereas our calculated values are under thermodynamic
equilibrium conditions, which may lead to the disparity of the
electron densities. The defect properties are closely related to
the exchange-correlation functional because of the commonly
underestimated DFT band gap. Besides the PBEsol-HSE
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FIG. 4. Formation energy of intrinsic point defects in MgSnN2 as a function of Fermi level (EF ) under chemical potential point A (a) and
point C (b), respectively, which corresponds to Mg-poor/Sn-rich and Mg-rich/Sn-poor conditions.

procedure, we also employed the HSE-HSE procedure to cal-
culate the formation energies of dominant donor defect SnMg.
As shown in Table I, the disparities of formation energies for
0, +1, and +2 charged SnMg calculated by PBEsol-HSE and
HSE-HSE procedures are 0.19, 0.09, and 0.01 eV. It suggests
that the densities of SnMg

0, SnMg
+, and SnMg

2+ calculated
by PBEsol-HSE are slightly higher than those calculated by
HSE-HSE, which would be acceptable for the evaluation of
carrier densities.

On the basis of our defect calculations, changing the
chemical potential of the elements, that is, from the Mg-
poor/Sn-rich to the Mg-rich/Sn-poor condition, directly
varies the electron densities by three orders of magnitude,
which qualitatively agrees with the variation of electron densi-
ties in experimental samples. The Mg-rich/Sn-poor condition
can effectively decrease the electron densities. However, this
condition also gives rise to MgSn with a deep transition level.
Thus, delicately controlling chemical potential is extremely
important for tuning the optoelectronic and electrical perfor-
mance of MgSnN2. Intrinsic antisite defect SnMg should be
the dominant source of the observed high electron density in
Sn-rich samples. However, the coexisting Mg, Sn metals or
binary competing phases being another possible origin of the
high electron density cannot be excluded.

Tuning the electron density in MgSnN2 by varying the
chemical potential of the elements, in particular, Mg and
Sn, possibly leads to a cation off-stoichiometry in MgSnN2.
Considering the low-energy intrinsic defects in MgSnN2,
MgSn

2− + SnMg
2+, MgSn

2− + Mgi
2+, MgSn

2− + 2VN
+, and

MgSn
2− + 2ON

+ are potential self-compensated defect com-
plexes. The charge state of single point defect in defect
complexes will be omitted for brevity in the discussion be-
low. We considered various configurations of each defect

TABLE I. Formation energy (eV) of different charge states of
antisite defect SnMg under Mg-poor/Sn-rich condition with Fermi
level set at VBM to exclude the influence of the disparity of band
gaps.

SnMg
0 SnMg

+ SnMg
2+ Eg

PBEsol-HSE 1.32 −1.58 –3.82 2.22
HSE-HSE 1.51 −1.49 –3.83 2.35

complexes, including at least first and second nearest neigh-
bor (NN and SNN). Additional configurations are taken into
account for special defect complexes, that is, third nearest
neighbor (TNN) for MgSn + SnMg, and configurations with
further distance (FN) between antisite MgSn and Mgi for
MgSn + Mgi. Cases are more complex for MgSn + 2VN and
MgSn + 2ON, thus we construct two configurations both for
NN and SNN. It was identified that the configuration of NN
is the most stable, as tabulated in Table II. A strong Coulomb
attraction between acceptors and donors is required for the
formation of stable defect complexes. As summarized in
Table II, MgSn + SnMg and MgSn + 2ON are strongly bound
with binding energy lower than −1 eV. The binding energies
of MgSn + Mgi, MgSn + 2VN are increased but still negative,
indicating that MgSn + Mgi, MgSn + 2VN can be stable once
formed while they are less bound compared to MgSn + SnMg

and MgSn + 2ON.
Figure 5 displays the formation energy dependence of low-

energy intrinsic point defects and defect complexes on the
chemical potentials. We also compare the formation ener-
gies of neutral defect complexes with the ionized ones, and
find that the neutral defect complexes are stable within the
majority regime of the Fermi level and are the most stable at
the calculated Fermi level under different chemical potentials.

TABLE II. Relative energies (meV/atom) of different configura-
tions for defect complexes in MgSnN2 and binding energies (eV) of
the most stable configurations (given in parentheses).

NN SNN TNN

MgSn + SnMg 0 0.38 4.26
(−1.22)

NN SNN FN

MgSn + Mgi 0 9.00 13.08
(−0.57)
NN-1 NN-2 SNN-1 SNN-2

MgSn + 2ON 0 0.08 6.84 46.85
(−1.10)
NN-1 NN-2 SNN-1 SNN-2

MgSn + 2VN 0.29 0 5.62 3.09
(−0.63)
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FIG. 5. Formation energy of low-energy intrinsic point defects
and defect complexes in MgSnN2 as a function of the chemical
potential at points A–E shown in Fig. 2(a). The most stable charge
state of these defects at the calculated Fermi level is shown. Note the
formation energy of SnMg

+ is lower than that of SnMg
2+ only at the

A point.

Stoichiometry-preserving antisite pair complex MgSn + SnMg

shows the lowest formation (1.24 eV) among four possible
defect complexes, as shown in Fig. 5. An appreciable popula-
tion of MgSn + SnMg is expected because of the low formation
energy, which corresponds to the density ∼1014 cm−3. Com-
bining the characteristic of the strongly bound defect complex,
the appearance of cation disorder is highly possible. We will
discuss the cation disorder of MgSnN2 in detail in Sec. III D.
The formation energy of MgSn + 2ON is merely 0.01 eV
higher than that of MgSn + SnMg, denoting oxygen incorpo-
ration is unavoidable.

The formation energies of MgSn + Mgi and MgSn + 2VN

are more sensitive to the chemical potential of the compo-
nent elements (Mg/Sn ratios) than isolated intrinsic defects
because they exchange more atoms with the environment.
MgSn + Mgi has a formation energy close to 1.5 eV under
Mg-rich conditions [along the line BC of the chemical poten-
tial region displayed in Fig. 2(a)]. MgSn + Mgi could appear
and is a possible source of Mg off-stoichiometry. Under the
Sn-rich condition, the formation energy of MgSn + Mgi is
largely increased (>3 eV), which denotes that it is difficult to
form MgSn + Mgi defect complexes in MgSnN2 (see Fig. 5).
MgSn + Mgi is a neutral complex, which is electrically benign
in Mg-rich samples. MgSn + 2VN has the highest formation
energy among the four defect complexes within the entire
chemical potential range. The chance of forming MgSn + 2VN

is even smaller than that of MgSn + Mgi.
Taken together, isolated antisite defect SnMg plays the dom-

inant role in the n-type doping behavior in MgSnN2 under
Mg-rich and Sn-rich conditions. Under the Mg-rich condition,
isolated antisite MgSn

2– compensates SnMg
2+, which reduces

the electron carrier densities by an order of magnitude of
3. Additionally, there is a high chance of the formation of
stoichiometry-preserving MgSn + SnMg and oxygen involved
MgSn + 2ON defect complexes. Moreover, MgSn + SnMg and
MgSn + 2ON are charge neutral complexes, which are bene-
ficial for reducing the density of defect in the band gap and
scattering center [68]. MgSn + Mgi could appear in Mg-rich
samples; this is also electrically benign and may cause the
off-stoichiomety of the Mg element.

TABLE III. Numbers of tetrahedra of different motifs in fully
ordered (FD), partially disordered, and fully disordered (FD) config-
urations of stoichiometric MgSnN2 and relative energy with respect
to MgSnN2 in the FO wurtzite-type phase (�E ).

�E
Configuration (2,2) (3,1) (1,3) (4,0) (0,4) (4,1) (meV/atom)

FO 64 0 0 0 0 0 0
P-1 53 4 6 1 0 0 25
P-1 swap (a) 56 4 4 0 0 0 13
P-1 swap (b) 52 6 6 0 0 0 19
P-2 52 5 7 1 0 0 35
P-3 42 11 11 0 0 0 40
P-4 36 16 9 1 1 1 94
FD 27 15 12 4 6 0 143

D. Cation disorder in MgSnN2

The commonly observed decreased band gap of ZnSnN2

and ZnGeN2 thin films is related to cation disorder [35,69,70].
For the fully ordered ternary nitrides Zn-IV-N2 (IV = Si, Ge,
Sn) in the wurtzite-type phase, the nitrogen atom in each
tetrahedron is exactly coordinated with two group-II and two
group-IV atoms [hereafter called a (2,2) tetrahedron], which
preserves the charge neutrality and obeys the octet rule locally.
It was reported that cation disorder leads to the formation
of some tetrahedra having one group-II and three group-IV
atoms (1,3) or three group-II and one group-IV atoms (3,1),
which violate the octet rule locally but maintain the global
charge neutrality by forming (3,1) and (1,3) tetrahedra else-
where in the crystal structure [70,71]. Moreover, (4,0) or (0,4)
tetrahedra which only contain four group-II or four group-IV
atoms could appear in the disordered samples. We expected
that cation disorder has a similar effect on the band gap of
MgSnN2 to ZnSnN2 and ZnGeN2, and we studied the impact
of different levels of cation disorder in MgSnN2. These are
quantified by the ratio of tetrahedra violating the octet rule
to the total number of tetrahedra (global disorder); i.e., cation
disorder on the level of 17.19%, 12.50%, 18.75%, 18.75%,
34.38%, 43.75%, and 57.82% corresponds to seven disordered
configurations. For simplicity, we refer to seven disordered
configurations with the aforementioned levels of cation dis-
order to the P-1, P-1 swap (a); P-1 swap (b); P-2, P-3, P-4,
and fully disorder (FD). P-1 swap (a) and P-1 swap (b) are
derived from the P-1 configuration. They are constructed by
eliminating the (4,0) tetrahedron manually but with global
disorder close to that of the P-1 configuration as much as
possible, as displayed in Table III.

As shown in Table III, configurations with an increased
degree of cation disorder exhibit larger relative energies, that
is, the energy difference between the P-1 swap (a) config-
uration and the fully ordered (FO) configuration shows the
smallest value (13 meV/atom), while that between the fully
disordered (FD) configuration and the FO configuration is the
largest (143 meV/atom). Partially disordered configurations
without (4,0) or (0,4) tetrahedra are likely to appear under
growth conditions because of the small energy difference. On
the contrary, the large energy difference between the FD and
the FO configurations indicates that the FD sample is difficult
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FIG. 6. Band gaps, degree of global and local disorder of fully
ordered (FO), partially disordered, and fully disordered (FD) config-
urations of stoichiometric MgSnN2.

to form since it is energetically too costly. Overall, it would
be challenging to synthesize MgSnN2 samples with full long-
range ordering and difficult to obtain fully disordered samples
as well.

Besides the relative energies of the disordered configura-
tions, the impact of varying the degree of cation disorder on
the band gap is further investigated. Figure 6 shows the trend
of the band gap as the degree of disorder varies. The band gap
decreases as the degree of cation disorder increases, as can
been seen from the FO, P-1, P-2, P-4, and FD configurations
or the FO, P-1 swap (a), P-1 swap (b), and P-3, for which
the global disorder is increased gradually (see the middle
panel of Fig. 6). Among the various configurations, the FD
configuration with the highest level of global disorder shows
a complete closing of the band gap. Notably, besides the
global disorder, local disorder [appearance of (4,0) or (0,4)
tetrahedra] seems to play a role in the band-gap reduction as
well. The P-2 configuration shows a smaller band gap than the
P-3 configuration even though the former has a lower level of
global disorder than the latter, as shown in the top and middle
panels of Fig. 6. We note that there is a (4,0) tetrahedron in
the P-2 configuration but no (4,0) or (0,4) tetrahedra in the
P-3 configuration (see Table II), which means that the P-2
configuration exhibits a higher level of local disorder than the
P-3 configuration. Moreover, if the (4,0) or (0,4) tetrahedra
was eliminated, the band gap increases, as observed from the
comparison between the band gaps for the P-1 and the P-1
swaps (a)/(b) configuration in Fig. 6. It is also worthwhile to
note that the P-1 swap (b) and the P-2 swap have the same
degree of global disorder but the latter, containing higher local
disorder, shows a largely reduced band gap (0.58 eV) relative
to the P-1 swap (b) (1.71 eV).

To figure out how the local disorder influences the band gap
of disordered MgSnN2 in detail, we analyze the total density
of states of configurations without (4,0) and (0,4) tetrahedra
and with (4,0) or (0,4) tetrahedra, respectively. Compared
to the FO configuration, as shown in Fig. 7, cation disorder
predominantly affects the valence band edge (VBE) of the

FIG. 7. Total density of states of (a) FO configuration and two
cation-disordered MgSnN2 configurations without (4,0) or (0,4) mo-
tif [P-1 swap (a) and P-3] and (b) three cation-disordered MgSnN2

configurations with (4,0) motif (P-1, P-2, and FD).

P-1 swap (a) and the P-3 configurations without (4,0) or (0,4)
tetrahedra; i.e., a defect state with low density appears around
the VBE. For the P-1 and P-2 configurations containing a (4,0)
tetrahedron, there is an isolated defect state, as marked by
an arrow in Fig. 7(b). This local defect state leads to a large
decrease of the band gap for the P-1 and P-2 configurations
compared to FO, viz., 1.05 and 1.64 eV, respectively. In the
FD configuration, there exists a continuum of defect states
throughout the original band-gap region, thus entailing that
the band gap is closed. A similar behavior is observed for the
fully disordered ZnGeN2 [71].

Figure 8(a) shows the charge density contours for the VBM
and the CBM of the FO configuration; the VBM is mainly
composed of N 2p and Sn 5d orbitals and the CBM is com-
posed of N 2p, N 2s, and Sn 5s as revealed by previous studies
as well [28,67]. The charge density for the VBM of the P-1
swap (a) configuration localizes at the N atom centering in
the (3,1) tetrahedron and its first-neighbor (2,2) tetrahedra,
whereas the charge density of the VBM of the P-1 configu-
ration mainly localizes at the N atom centering in the (4,0)
tetrahedron, as displayed in Figs. 8(b) and 8(c), respectively.
The localization of charge density for the VBM of the P-1
configuration reflects the aforementioned isolated local defect
state. Unlike the charge density distribution of the VBM, the
charge density distribution of the CBM of the P-1 swap (a)
and the P-1 configuration extends through the whole structure,
suggesting that the conduction bands are less perturbed.

Ternary nitrides such as ZnSnN2 have been suggested
as photovoltaic absorbers which require a high absorption
coefficient within the visible light regime. Considering the in-
evitable partial cation disorder in MgSnN2, we further studied
the effect of cation disorder on the absorption spectrum. As
shown in Fig. 9, the absorption coefficient of the FO config-
uration reaches 104 cm−3 within the 0.33 eV energy range to
the onset, and then it reaches 105 cm−3 within the next 0.76
eV. For the P-1, P-1 swap (a), and P-1 swap (b) configurations,
the absorption onsets shift to a lower energy because of the
decreased band gaps. The behavior of optical absorption for
the P-1 swap (a) and P-1 swap (b) configurations is similar to
that for the FO configuration. However, the P-1 configuration
shows a rather different behavior for the optical absorption;
i.e., its absorption coefficient reaches 104 cm−1 within a large
energy range (0.73 eV) to the absorption onset and it slowly
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FIG. 8. Charge density contours of VBM and CBM for (a) FO,
(b) P-1 swap (a), and (c) P-1 configuration. The isosurface values
are 0.01 e/Å3 for the VBM and 0.005 e/Å3 for the CBM of the FO
configurations, and 0.005 e/Å3 for the VBM and 0.0005 e/Å3 for the
CBM of the P-1 swap (a) and P-1 configurations.

reaches 105 cm−1 within an energy range of 1.15 eV. The slow
increase of the absorption coefficient should be ascribed to
the isolated defect states in the P-1 configuration. Altogether,
it can be seen that cation disorder results in a narrowing of
the band gap and shifting the absorption onset to a lower
energy, which widens the absorption energy range in the visi-
ble light spectrum. This behavior is expected to be beneficial
for photovoltaic applications. Nevertheless, it is worth noting
that the isolated local defect states influence the enhancement
of the optical absorption because they perturb the band edge
strongly, and thus the formation of (4,0) and (0,4) tetrahedra
should be avoided during the preparation as far as possible.

IV. CONCLUSIONS

In this work, we study the phase stability of MgSnN2
and ZnSnN2, and find that small formation enthalpy (abso-
lute value) leads to no formation of ZnSnN2 in the rocksalt

FIG. 9. Calculated absorption spectra of the FO, P-1, P-1 swap
(a) and P-1 swap (b) configurations.

phase. Moreover, the higher ionicity of the Mg-N bonds
compared to the Sn-N (Zn-N) bonds results in the forma-
tion of rocksalt-type MgSnN2 under the Mg-rich condition
but no appearance of MgSnN2 under the Sn-rich condition
or rocksalt-type ZnSnN2 under the Zn-rich condition, which
explains the experimental observations. In addition, via study-
ing the defect physics of MgSnN2, antisite donor-type defect
SnMg is identified as the dominant source of the high electron
density of MgSnN2. To suppress degenerated electron density,
the Mg-rich/Sn-poor condition is suggested for the growth of
MgSnN2. MgSn + SnMg and MgSn + 2ON defect complexes
have a high possibility of forming. Furthermore, we system-
atically investigated the impact of cation disorder in MgSnN2
by means of the cluster expansion with first-principles cal-
culations. Stoichiometric cation disorder in MgSnN2 induces
a decrease of the band gap because of a violation of the
octet rule. We find that partially disordered MgSnN2 cannot
be avoided but fully disordered MgSnN2 is difficult to ob-
tain under the growth conditions. The local disorder, namely,
the formation of (4,0) or (0,4) tetrahedra, would lead to a
large band-gap reduction and impede the enhancement of the
optical absorption. Our work provides an understanding of
the basic physical properties of MgSnN2 from the theoretical
aspect, which should be useful for further studies of MgSnN2
based functional materials.
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