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Band alignments and polarization properties of the Zn-IV-nitrides

Nicholas L. Adamski,∗a Darshana Wickramaratne,b,c and Chris G. Van de Walled

Zn-IV-nitrides have a range of potential applications in electronic and optoelectronic devices and can
be integrated with currently used III-nitride semiconductors and their alloys. Using hybrid density
functional theory, we examine band gaps, band offsets and polarization properties of the Zn-IV-
nitrides and the ramifications of these properties on heterointerfaces formed between the Zn-IV-
nitrides and III-nitrides. We find a type-II band alignment between ZnGeN2 and GaN, where the
valence band of GaN is 0.28 eV above the valence band of ZnGeN2. Heterostructures between
Zn-IV-nitrides and III-nitrides result in interface charges that allow for novel heterostructures and
increased control over polarization fields. We find that an interface between InxGa1−xN and ZnGeN2

can lead to zero interfacial polarization charge; however, the band alignments are unfavorable for
carrier confinement in light-emitting devices. At the interface between AlN and ZnSiN2, we predict
a large two-dimensional electron gas to form, confined to the ZnSiN2 layer.

1 Introduction
The Zn-IV-nitrides have a wide range of band gaps, from 1.4 eV
for ZnSnN2 to 4.8 eV for ZnSiN2, rendering them promising for a
variety of electronic and photonic devices.1,2 The Zn-IV-nitrides,
like the wurtzite (wz) III-nitrides, exhibit spontaneous polariza-
tion and piezoelectric effects.3,4 The polarization leads to large
bound charges at the interface, which can either be a detriment
or provide useful functionality for device operation.

Taking advantage of the small lattice mismatch between Zn-IV-
nitrides and the III-nitrides, a variety of device applications have
been proposed based on heterostructures involving both sets of
materials.5–7 Simulations for light-emitting devices using InGaN-
ZnGeN2 type-II quantum wells have been reported.6,7 The suc-
cess of these designs depends on large band offsets between In-
GaN and ZnGeN2 that realign the electron and hole wavefunc-
tions and increase recombination. Accurate knowledge of the
conduction- and valence-band offsets at heterojunctions between
Zn-IV-nitrides and III-nitrides is therefore essential.

Polarization-matched quantum wells8 is another application
where Zn-IV-nitrides may be useful. In light-emitting devices po-
larization discontinuities produce a Stark effect that reduces ef-
ficiency.9 On the other hand, large polarization discontinuities
can be favorable for electronic devices since they lead to high-
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density two-dimensional carrier gases at interfaces.10 Interest in
controlling these polarization charges has led to the field of po-
larization engineering,11 which relies on the manipulation and
control of ternary and quaternary alloy concentrations to identify
polarization differences that are beneficial for the intended device
application, taking lattice-matching constraints into account.

The structure of the Zn-IV-nitrides (ZnSnN2, ZnGeN2, and
ZnSiN2) can be envisioned as starting from (e.g.) GaN in the
wz structure and replacing pairs of Ga atoms with Zn-(group-IV)
pairs. While this lowers the symmetry (the Zn-IV-nitrides have
an orthorhombic structure with a 16-atom unit cell), we can still
expect the Zn-IV-nitrides to display electronic and polarization
properties similar to the wz III-nitrides. In Fig. 1(a,b), we il-
lustrate the structure of GaN and ZnGeN2. The lattice parame-
ters of ZnGeN2 can be related to those of GaN by the relations:
a ≈
√

3awz, b ≈ 2awz, and c ≈ cwz, where awz and cwz are the wz
lattice parameters.

A number of studies have addressed band alignments using
density functional theory (DFT) based on explicit interface cal-
culations in a superlattice geometry. Punya et al.12,13 calculated
the band alignments between ZnGeN2, ZnSnN2, GaN, and ZnO
using the local density approximation (LDA) and a GW correc-
tion. They found a large valence-band offset of −1.4 eV at the
ZnSnN2/GaN interface, and a valence-band offset of −1.1 eV at
ZnGeN2/GaN, where the negative sign indicates that the valence-
band maximum (VBM) of GaN is lower in each case. These results
distinctly differ from those of Wang et al.,14 who calculated off-
sets between ZnSnN2, GaN, and ZnO using the hybrid functional
of Heyd, Scuseria and Ernzerhof (HSE)15,16 and found a much
smaller valence-band offset of −0.39 eV between ZnSnN2 and
GaN. Both Punya et al.12,13 and Wang et al.14 found that strain at

Journal Name, [year], [vol.],1–9 | 1

Page 1 of 10 Journal of Materials Chemistry C



awz

awz b

a

3.0 3.1 3.2 3.3 3.4 3.5 3.6

In-plane lat t ice param eters (Å)

1.0

2.0

3.0

4.0

5.0

6.0

B
a

n
d

 g
a

p
 (

e
V

)

AlN

GaN

InN

ZnSiN2

ZnGeN2

ZnSnN2

(a) (b)

(c)

Fig. 1 (a) Wurtzite GaN and (b) orthorhombic ZnGeN2 crystal structure
viewed along the c axis. The respective primitive unit cells are shown
with a black outline. awz is the in-plane lattice parameter for GaN, while
a and b are the in-plane lattice parameters for ZnGeN2. (c) In-plane
lattice parameters and band gaps for the Zn-IV-nitrides and III-nitrides.
The two data points for the Zn-IV-nitride materials are the wurtzite-
equivalent lattice parameters a/

√
3 and b/2.

the interface affects the alignments by less than 0.1 eV. Recently,
Cao et al.17 calculated the offset between cubic GaN and cubic
ZnGeN2 with the HSE functional and found the valence-band off-
set for ZnGeN2/GaN to be −0.38 eV, different by 0.7 eV from
the results of Punya et al.12,13 Experimentally, the valence- and
conduction-band alignments for ZnSn1−xGexN2 alloys of varying
composition were measured using x-ray emission and absorption
by Narang et al.,18 who found the valence band of ZnGeN2 to be
slightly lower than that of ZnSnN2, and the conduction band of
ZnGeN2 to be significantly higher than that of ZnSnN2.

These inconsistencies (by up to 1 eV) between band align-
ments reported by different groups prompted us to re-examine
band alignments using two different methodologies: (1) using
surface calculations to align the electrostatic potential to the vac-
uum level,19 and (2) using alignment based on the (+/−) level of
interstitial hydrogen.20 We apply both methods to determine the
band alignments between the Zn-IV-nitrides and GaN, and com-
pare the results to previous reports.

Some prior results on polarization properties of the Zn-IV-
nitrides have also been reported. Paudel et al.4 calculated
stiffness tensors, spontaneous polarization, and piezoelectric
coefficients. They reported spontaneous polarization values
for ZnSnN2, ZnGeN2, and ZnSiN2 between −0.022 Cm−2 and
−0.029 Cm−2 and concluded that, since differences between

these values are markedly smaller than between III-N compounds,
polarization-induced electric fields would be significantly sup-
pressed at heterostructures between II-IV-nitrides. However,
these spontaneous polarization values were calculated referenced
to a zinc-blende (zb) structure. Recent work on wz nitrides has
demonstrated that differences in spontaneous polarization val-
ues referenced to the zb structure require corrections to account
for lattice-parameter differences.21 Such corrections were not in-
cluded in the work of Ref. 4. In the present work, we evaluate
the spontaneous polarization values for the Zn-IV-nitrides using
a proper centrosymmetric reference.21 We also perform calcula-
tions of the proper piezoelectric constants and the stiffness ten-
sors to generate a consistent set of parameters.

Our results allow us to determine the magnitude of polarization
charges at Zn-IV-nitride/III-nitride heterostructure interfaces. Us-
ing these polarization properties, along with our calculated band
alignments, we can identify interfaces with significantly reduced
polarization charge, as well as interfaces with increased polariza-
tion charge that are favorable for applications in electronic de-
vices.

2 Computational Methods

2.1 Density functional calculations

The calculations are performed using DFT with the hybrid func-
tional of Heyd, Scuseria, and Ernzerhof (HSE),15,16 as imple-
mented in the Vienna Ab initio Simulation Package (VASP).22,23

We use a plane-wave cutoff energy of 500 eV, and projector-
augmented-wave potentials24 with Zn 3d104s2, Ga 4s24p1, Si
3s23p2, Ge 4s24p2, Sn 5s25p2, and N 2s22p3 electrons in the va-
lence. For GaN, we use a 8× 8× 6 Γ-centered k-point grid, and
adjust the HSE mixing parameter to reproduce the experimental
band gap; at 29.5% we obtain a band gap of 3.48 eV. For the
Zn-IV-nitrides, we use a 4× 4× 4 Monkhorst-Pack k-point grid.
The band gaps of the Zn-IV-nitrides are not well established. We
therefore use the default mixing parameter of 25%, which pro-
vides a good description of the physical and electrical properties.
Our calculated lattice parameters and band gaps are included in
Table 1; the lattice parameters are in good agreement with ex-
perimental values.1,25,26 In Fig. 1(c) we show the in-plane lattice
parameters and band gaps for the III-nitrides and Zn-IV-nitrides.

2.2 Band alignments

In order to determine band alignments, we first calculate the bulk
electronic structure for each material. The eigenvalues that de-
termine the band structure are referenced to the average electro-
static potential. In a bulk calculation, this average electrostatic
potential is arbitrary (and commonly set to zero), and hence can-
not serve to align different materials. We can align the bulk elec-
trostatic potential to the vacuum level by performing a surface
calculation, using a geometry in which a slab of material is sur-
rounded by vacuum. By taking a macroscopic average,27 we can
compare the average electrostatic potential within the slab to the
electrostatic potential in vacuum. We can then use this value to
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Table 1 Calculated lattice parameters and band gaps for the Zn-IV-
nitrides and GaN; experimental values are included for comparison. For
AlN and InN, we use calculated values from Ref. 21

Property HSE Expt.
ZnSnN2 a (Å) 5.85 5.84†

b (Å) 6.74 6.75†

c (Å) 5.47 5.46†

Eg (eV) 1.40 ...
ZnGeN2 a (Å) 5.47 5.45‡

b (Å) 6.45 6.44‡

c (Å) 5.20 5.19‡

Eg (eV) 3.19 ...
ZnSiN2 a (Å) 5.24 5.25§

b (Å) 6.27 6.28§

c (Å) 5.02 5.02§

Eg (eV) 4.83 ...

InN (α = 25%) a (Å) 3.59¶ 3.55‖

c (Å) 5.76¶ 5.70‖

Eg (eV) 0.65¶ 0.78‖

GaN (α = 29.5%) a (Å) 3.19 3.19‖

c (Å) 5.19 5.19‖

Eg (eV) 3.48 3.51‖

AlN (α = 31%) a (Å) 3.10¶ 3.11‖

c (Å) 4.96¶ 4.98‖

Eg (eV) 6.04¶ 6.25‖

align the bulk band structure to the vacuum level.
Nitride devices are usually grown along the c axis. However,

performing band-alignment calculations for c-plane orientations
is very challenging due to the presence of polarization fields. In
slab calculations, the presence of dissimilar +c and −c interfaces
complicates calculation of the offset; in addition, spurious fields
will appear in the vacuum layer. Similar problems occur in super-
lattices calculations. Calculations for band alignments in the III-
nitrides have conventionally been performed for nonpolar planes,
and the resulting values have been successfully used for device
modeling. Calculations for GaN were performed using slabs with
nonpolar (11̄00) (m-plane) surfaces. For the Zn-IV-nitrides we use
(100) slabs which are also nonpolar and analogous to the m plane
in III-nitrides. We use a 8×1×1 slab in a supercell geometry, sep-
arated by 20 Å of vacuum, and a 1×4×4 Monkhorst-Pack k-point
grid.

Valence-band alignments are calculated based on the VBM in
each material. To determine the band alignments between Zn-
IV-nitrides and III-nitrides, we first determine alignments to GaN,
then use the results of Moses et al.19 to align to AlN and InN.
Note that in Ref. 19 alignments were expressed for an average
of the top three valence bands; we have combined those values
with values of crystal-field splitting to obtain the VBM positions

†Ref. 1
‡Ref. 25
§ Ref. 26
¶Ref. 21
‖Ref. 28

reported in the present work.

An alternative way to calculate alignments between different
materials is based on using the charge-state transition level of
an interstitial hydrogen impurity (Hi) as a common reference.20

The (+/−) charge-state transition level for interstitial hydrogen,
which we will label Hi(+/−), is defined as the Fermi level (refer-
enced to the VBM) at which Hi has the same formation energy in
the + and − charge states.29 We calculate the formation energies
of the Hi impurity in a 2×2×2 supercell with 128 atoms and us-
ing a single special k point (1/4, 1/4, 1/4).29 Spin polarization is
included.

2.3 Polarization

Polarization properties are calculated using the modern theory of
polarization30,31 following Ref. 21. The electronic portion of the
formal polarization is calculated by integrating the Berry phase
over the Brillouin zone, while the ionic contribution is a sum over
the coordinates of the nuclei in the unit cell. The formal polar-
ization is a multivalued vector that is only defined modulo the
quantum of polarization eR

Ω
, where e is the electron charge, R is

a lattice vector, and Ω is the volume of the unit cell.32 To calcu-
late differences between materials, it is necessary to compare the
appropriate branches of the polarization. This is typically done
by computing the difference in formal polarization between the
structure of interest and a high-symmetry reference structure and
defining an effective spontaneous polarization. However, errors
can arise if the formal polarization of the reference structure does
not have a branch at zero. The commonly chosen zb reference
has nonzero formal polarization that explicitly depends on the
lattice parameters of the material; therefore, in considering spon-
taneous polarization differences between materials with different
lattice parameters, a lattice-dependent correction should be in-
cluded.21 To avoid this extra step (which is commonly omitted
in calculations for III-nitrides), it is preferable to instead choose
a centrosymmetric reference structure that has a branch of the
formal polarization at zero.

For the wz III-nitrides, the appropriate centrosymmetric struc-
ture is the layered hexagonal structure with space group
P63/mmc. In this structure, the group-III cations and the N an-
ions are co-planar in the planes normal to the c axis. The formal
polarization of the layered hexagonal structure has a branch at
0 and as such it serves as a suitable reference structure to define
the effective spontaneous polarization for AlN, GaN, and InN.21

An analog of the layered hexagonal structure can be constructed
for the Zn-IV-nitrides. Starting from the orthorhombic ground-
state structure (space group Pna21), atoms are translated along
the c axis to two planes normal to the c axis, such that group-II,
group-IV, and N atoms are all situated within the same planes.
This new structure is nonpolar, has a center of inversion symme-
try, and has the space group Pnma. We will use this Pnma as the
reference structure to calculate spontaneous polarization in the
Zn-IV-nitrides, and we will call the resulting effective polarization
PSP.

When the materials are strained, piezoelectric polarization will
be present. In order to determine the proper piezoelectric con-
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stants, ei j,33 we compute the clamped-ion component and the
Born effective charges using the self-consistent response to an ap-
plied electric field. The ionic contribution to the piezoelectric
tensor is calculated from finite differences. Elastic constants, also
required to compute piezoelectric polarization, are similarly cal-
culated from finite differences.

3 Results

3.1 Band alignments

3.1.1 Band structure
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Fig. 2 Calculated band structures of the Zn-IV-nitrides.

In Fig. 2, we illustrate the band structures of the Zn-IV-nitrides.
In all three materials, the VBM is primarily composed of N p
states, while the conduction-band minimum (CBM) has mostly
s character. The band gaps of ZnSnN2 and ZnGeN2 are direct at
the Γ point, while the band gap of ZnSiN2 is indirect with the
VBM at T and the CBM at Γ. Band gaps are listed in Table 1.

3.1.2 Surface calculations

In Table 2, we list the VBM and CBM with respect to the vacuum
level as obtained from surface calculations in which the atomic
positions are not relaxed; effects of atomic relaxation are dis-
cussed below. Conduction-band positions for the III-nitrides are
obtained based on EVBM and the experimental band gaps. These
results allow us to determine the band alignments shown in Fig. 3.
The band offsets between the three Zn-IV-nitrides are “type I”, i.e.,
the band edges of the material with the smaller gap lie within the
band gap of the material with the larger gap, similar to how the
III-nitrides are aligned. Between ZnGeN2 and GaN, there is a
type-II alignment: the VBM and CBM of ZnGeN2 are both lower
in energy than the corresponding bands in GaN.

We investigated atomic relaxations and found them to have
only a small effect on alignments. Allowing the atoms in the slab
to relax resulted in a lowering of the average electrostatic poten-
tial within the slab by 0.1-0.2 eV for all three Zn-IV-nitrides. We
also examined alignments based on slabs with a different orien-
tation, namely (010), a nonpolar surface analogous to (112̄0) (a
plane) in the III-nitrides. For this surface orientation the average
electrostatic potential in the slab is systematically slightly higher
(by up to 0.14 eV) than for the (100) surface. Relaxation of the

atoms for the (010) surface results in a larger shift of the elec-
trostatic potential than for (100): a lowering by 0.30±0.05 eV
is found for each of the Zn-IV-nitrides. These effects are consis-
tent with the 0.30±0.01 eV reduction in the electrostatic poten-
tial upon relaxation for GaN and InN surfaces found by Moses et
al.19 The differences are systematic, and as a result very similar
band alignments are obtained irrespective of whether relaxed or
non-relaxed surfaces are used in the calculations.

3.1.3 Hydrogen alignment

Calculation of the Hi(+/−) transition level provides an alterna-
tive approach method to align band structures.20 We calculate
the Hi(+/−) levels relative to the VBM, and in Table 2 and Fig. 3
we combine this information with the positions of the valence-
band edges obtained from surface calculations. Among the Zn-
IV-nitrides, the position of the Hi(+/−) level varies by only 0.1
eV on an absolute energy scale, showing that alignment based on
the Hi(+/−) level is very consistent with the alignment based on
surface calculations.
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Fig. 3 Band alignments between Zn-IV-nitrides and GaN, shown on an
absolute energy scale where zero is the vacuum level.

3.1.4 Comparison with previous calculations

The band alignment between ZnSnN2 and GaN has been calcu-
lated by two other groups, using a superlattice geometry: Wang
et al.14 found a VB offset of –0.39 eV, while Punya et al.12,13 cal-
culated a VB offset of –1.4 eV. Our calculated offset of –0.42 eV is
very close to the value reported by Wang et al., but disagrees with
the Punya et al. result by 1.0 eV. Punya et al. also reported the
VBM of ZnGeN2 to be 1.1 eV higher than that of GaN, while we
find the VBM of ZnGeN2 to be 0.28 eV lower than that of GaN: a
difference of 1.4 eV.

The difference with the results of Punya et al. is likely due to
the difference in computational approach. While we (and Wang
et al.14) use the HSE functional, Punya et al. used the LDA func-
tional and applied a correction based on GW calculations. It is
known that GW results can depend on the accuracy of the DFT
calculations used as a starting point.

Based on superlattice calculations for cubic ZnGeN2/GaN Cao
et al.17 found a VB offset of −0.38 eV, a difference of 0.70 eV from
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Table 2 Position of the valence-band maximum EVBM and conduction-band minimum ECBM with respect to the vacuum level as obtained from surface
calculations for nonpolar (100) Zn-IV-nitride and (11̄00) GaN surfaces. InN and AlN values are from Ref. 19. The Hi(+/−) was calculated relative to
the VBM and then combined with the EVBM values to obtain a position relative to the vacuum level. All values are in eV.

ZnSnN2 ZnGeN2 ZnSiN2 InN GaN AlN
ECBM –4.48 –3.40 –1.95 –5.04 –2.82 –0.60
EVBM –5.88 –6.59 –6.78 –5.69 –6.30 –6.76
Hi(+/−) –3.33 –3.46 –3.34 ... –3.58 ...

our results. The discrepancy here is likely due to the fact they are
evaluating the (001) interface for cubic material, i.e., a different
interface and crystal structure from what we evaluate here.

3.2 Polarization
3.2.1 Spontaneous polarization

The Zn-IV-nitrides have an orthorhombic unit cell, with space
group Pna21 and point group mm2. Pna21 is a polar space group
that has two glide planes, and as such it has two nonpolar axes
and one polar axis. The direction along the polar axis is labeled
the c direction, consistent with the notation for the wz III-nitrides.
We calculate the spontaneous polarization along this polar axis.

As explained in Sec. 2.3, the effective spontaneous polariza-
tion is the difference between the formal polarization of the or-
thorhombic structure and the formal polarization of a reference
structure, for which we choose the centrosymmetric Pnma struc-
ture. Because formal polarization is multivalued, we need to en-
sure that we compare the same branch of the polarization for
both structures. This is accomplished by calculating the formal
polarization of structures interpolated between the end points
such that the differences in formal polarization are significantly
smaller than the quantum of polarization ec

Ω
. The spontaneous

polarization as a function of interpolated atomic coordinates is
shown in Fig. 4. Inserts show the unit cells for the orthorhom-
bic Pna21 structure and the centrosymmetric Pnma structure of
ZnGeN2. The effective spontaneous polarization values for the
Zn-IV-nitrides are listed in Table 3.
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Fig. 4 Spontaneous polarization as a function of interpolated atomic
coordinates between the orthorhomic Pna21 structure and the high-
symmetry Pnma structure of ZnGeN2.

In Fig. 5, we plot the spontaneous polarization for the III-
nitrides and the Zn-IV-nitrides as a function of lattice param-

Table 3 Calculated effective spontaneous polarization constants of the
Zn-IV-nitrides. Also listed are the spontaneous polarization values calcu-
lated with respect to a zb reference as obtained in the present work, and
compared with values from Ref. 4. All values in Cm−2.

ZnSnN2 ZnGeN2 ZnSiN2
PSP 1.184 1.333 1.433
PSP (zb ref) -0.033 -0.027 -0.029
PSP (zb ref), Ref. 4 -0.029 -0.023 -0.022

eter. For the Zn-IV-nitrides, we use awz =
√

ab
2
√

3
to define a

wurtzite-equivalent lattice parameter. To determine the sponta-
neous polarization of alloys, we first convert to the reduced units
of ec

Ω
= e/Aint (the quantum of polarization), where Aint =

√
3a2

wz
is the area of the base of the wz unit cell [drawn in Fig. 1(a)]. In
these units, we interpolate the spontaneous polarization linearly,
then convert back to Cm−2. This method accounts for the areal
dependence of the polarization.
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Fig. 5 Spontaneous polarization for the III-nitrides and the Zn-IV-
nitrides, as a function of wurtzite-equivalent in-plane lattice parameter
awz. The values for a zinc-blende structure are also indicated.

Our calculations indicate that the spontaneous polarization
values of ZnGeN2 and GaN are quite similar. More generally,
the spontaneous polarization of ZnSnGeN2 alloys and InGaN al-
loys is very similar at the same lattice parameter. Interestingly,
there is a significant spontaneous polarization difference between
ZnSiGeN2 and AlGaN.

Paudel et al.4 previously calculated spontaneous polarization
constants for the Zn-IV-nitrides, reporting values in the narrow
range of –0.022 Cm−2 to –0.029 Cm−2. However, they used a zb
structure as their reference. In Fig. 5 we also show the formal
polarization (along the [111] axis) for a zb structure. For zb, the

Journal Name, [year], [vol.],1–9 | 5

Page 5 of 10 Journal of Materials Chemistry C



magnitude of the appropriate branch of the formal polarization is
Pzb

f = e
√

3/2a2
wz (see Ref. 21), which is equivalent to 3e

4Aint
; i.e., the

value for zb depends only on the lattice parameter. This allows
us to express our spontaneous polarization values with respect to
a zb reference; the values are shown in Table 3, and compared to
the values reported in Ref. 4. Reasonable agreemeent is found.

We caution against using spontaneous polarization values ref-
erenced to zb. Each material has different lattice parameters for
the zb reference structure, which leads to additional terms in po-
larization differences calculated at an interface (due to the fact
that the formal polarization of zb is nonzero).21 Those terms have
not been properly included in conventional simulations. When
the centrosymmetric structures (which have zero formal polar-
ization) are used as the reference, additional terms are not nec-
essary.

3.2.2 Piezoelectric polarization

For piezoelectric polarization, there are five nonzero piezoelec-
tric tensor elements for orthorhombic materials with the mm2
point group.34 We calculate the proper piezoelectric coefficients,
ei j =

dJi
dε j

, where Ji is the current density that flows through the
bulk of the material in response to a strain dε j. For purposes
of calculating polarization differences at pseudomorphic inter-
faces between two semiconductors, improper piezoelectric coef-
ficients should be used.21,33 Here we calculate the proper piezo-
electric coefficients because they are branch-independent and can
be compared to experimental values.33 Improper coefficients are
related to the proper coefficients by expressions that involve the
zero-strain (spontaneous) formal polarization.21,33 The improper
piezoelectric constants e31 and e32 are related to the respective
proper constants by

eimp
3i = eprop

3i −PSP, (1)

while the improper coefficient eimp
33 is the same as the proper co-

efficient. Our calculated proper piezoelectric constants are listed
in Table 4. The values of e31 and e32 are close to the values of e31

in the III-nitrides, while the values of e33 are significantly smaller
than the values of e33 for the III-nitrides.21

Table 4 Calculated proper piezoelectric polarization constants for the
Zn-IV-nitrides. All values in Cm−2.

ZnSnN2 ZnGeN2 ZnSiN2
e15 –0.307 –0.302 –0.279
e24 –0.286 –0.262 –0.241
e31 –0.397 –0.378 –0.386
e32 –0.403 –0.299 –0.305
e33 0.825 0.666 0.692

Elastic constants are also required to calculate piezoelectric po-
larization at pseudomorphic interfaces. Calculated elastic con-
stants are listed in Table 5. The values are in good agreement
with previously published calculations.4

3.2.3 Polarization charges at interfaces

Polarization differences between materials manifest in interface
charges at a heterojunction. For an interface normal to the c axis

Table 5 Calculated elastic constants of the Zn-IV-nitrides. All values in
GPa.

ZnSnN2 ZnGeN2 ZnSiN2
C11 270 342 403
C22 255 330 372
C33 285 385 467
C23 91 103 119
C13 93 98 101
C12 115 138 150
C44 67 97 124
C55 63 87 104
C66 73 108 138

the interface charge σb can be calculated based on the polariza-
tion properties and the elastic constants21:

σb = Pm
SP−Pn

SP− ∑
i=1,2

ε
n
i (e

n
3i−Pn

SP− en
33Cn

i3/Cn
33) . (2)

Here we assume that material n is strained coherently to mate-
rial m (i.e., m is the substrate, or a layer much thicker than n)
and grown along the +c axis. We will denote such a interface as
n/m. PSP is the spontaneous polarization, εi are the strain compo-
nents, ei j are the piezoelectric coefficients, and Ci j are the elastic
constants. Parameters for AlN and InN were taken from Ref. 21.
Elastic parameters for the III-nitrides have been taken from Ref. [
28].

Unlike the III-nitrides, the Zn-IV-nitrides exhibit an anisotropy
in lattice parameters perpendicular to the c axis (see Table 1). A
ZnGeN2 layer strained to a c-plane GaN substrate experiences a
tensile strain ε1 in the [100] direction, but compressive strain ε2 in
the [010] direction. The in-plane lattice parameters can be visually
compared in Fig. 1(c). The strain ε3 in the direction normal to the
interface can be calculated using the elastic constants (Table 5).
Each of these strains ε j produces a piezoelectric effect along the
c direction with coefficient e3 j.

In Fig. 6, we plot the total (spontanous + piezoelectric) polar-
ization for Zn-IV-nitrides strained to wz substrates with a given
lattice parameter awz. Units of e/Aint are chosen for clarity of vi-
sualization, since the polarization differences are more difficult
to discern when expressed in units of Cm−2 (as evident from
Fig. 5). The total polarization lines extend up to ±2% average
planar strain (note that the strains along a and b axes are differ-
ent; this anisotropy is taken into account in the calculation of the
piezoelectric polarization). The dashed lines in Fig. 6 correspond
to strained material. The differences between the total polariza-
tion of the strained Zn-IV-nitrides (black dashed lines) and the
spontaneous polarization values for the III-nitride alloys (solid
cyan line) at the same lattice parameter are precisely the bound
charges at an interface between the two materials, in accordance
with Eq. (2). Similarly, differences between the total polarization
of the strained III-nitrides (pink dashed lines centered at AlN and
GaN) and spontaneous polarization values for the Zn-IV-nitrides
correspond precisely to the bound charges at the interface be-
tween AlN or GaN strained to ZnSixGe1−xN2 or ZnGexSn1−xN2 at
a given wurtzite-equivalent lattice parameter awz.

For ZnGeN2 strained to GaN the total polarization difference
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is 0.0052 e/Aint or 5.9× 1012e/cm2. This interface exhibits a
very small net piezoelectric effect, as ZnGeN2 strained to GaN is
slightly tensile strained along the a axis, and slightly compressed
along the b axis. As result, the total polarization difference is
primarly a result of the difference in the spontaneous polariza-
tion values. Similarly, the differences in polarization values be-
tween the strained III-nitrides (purple lines) and unstrained II-IV-
nitrides (red line) correspond to bound charges at an interface
between the two materials. To identify an interface with zero po-
larization difference, we would look for a point where the blue
and green lines intersect; this happens, e.g., for an interface be-
tween strained ZnGeN2 and In0.09Ga0.91N.
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Fig. 6 Solid lines indicate the interpolated spontaneous polarization for
Zn-IV-nitride alloys and III-nitride alloys. These are plotted as a func-
tion of the in-plane wurtzite lattice parameter (where we use a wurtzite-
equivalent lattice parameter for the Zn-IV-nitrides). For each of the
Zn-IV-nitrides, black dashed lines indicate the total polarization (sponta-
neous + piezoelectric) assumming the material is strained to a III-nitride
alloy substrate with the wurtzite lattice parameter on the horizontal axis.
For each of the III-nitrides, pink dash-dotted lines indicate the total po-
larization assumming the material is strained to a Zn-IV-nitride alloy
substrate with a given wurtzite-equivalent lattice parameter on the hori-
zontal axis.

The anisotropic in-plane strain at the ZnGeN2/GaN interface
distinguishes it from conventional III-nitride interfaces. The av-
erage wurtzite-equivalent in-plane lattice parameter of ZnGeN2 is
very close to that of GaN, and the piezoelectric polarization from
the strain along the a axis mostly cancels the effect along the b
axis. This cancellation leaves the spontaneous polarization as the
primary contribution to the interface charge at the interface. This
is in contrast to III-nitride interfaces, where the piezoelectric ef-
fect dominates over the spontaneous polarization. Piezoelectric
contributions will also be important for interfaces with other Zn-
IV-nitrides, which do not exhibit a close (average) lattice match.

4 Prospects for polarization engineering with Zn-
IV-nitrides

4.1 Light emitters
We now examine, based on our calculated values of band align-
ments and polarization constants, specific structures which could
improve the light-emission efficiency of nitride quantum wells.

The cases discussed here are only examples of the rich space that
is opened up by integrating the Zn-IV-nitrides with III-nitrides. c-
plane devices lead to strong polarization fields, which separate
electrons and holes in the quantum well and reduce radiative re-
combination. To overcome the Stark effect, the use of nonpolar
or semipolar orientations has been proposed,35,36 but growth in
those orientations tends to be harder to control than for the c
plane.

An alternative approach is the use of c-plane heterostructures
with interfaces that minimize the polarization charge. In Fig. 6,
we showed that a ZnGeN2 layer strained to In0.09Ga0.91N results
in an interface with zero polarization charge. The choice of sub-
strate has only a minor effect on the required composition to
achieve zero polarization charge: a ZnGeN2/In0.07Ga0.93N inter-
face strained to GaN would also have zero polarization charge.
These zero-polarization charge structures are not possible within
the InGaN ternary system alone; to achieve zero- (or reduced-
)polarization structures within the III-nitrides system requires us-
ing nonpolar or semipolar orientations, or quaternary alloys.

Minimizing polarization fields is only one aspect of enhancing
light emission; the heterostructure also needs to provide adequate
confinement for electrons and holes in a quantum well. In Fig. 7,
we plot the band offsets between ZnGeN2 and ternary III-nitrides;
a positive value indicates the band edge of the III-nitride is higher
in energy than that of ZnGeN2. For concentrations of In lower
than 24%, the CB of InGaN is above the CB of ZnGeN2, indicating
that there will be no quantum confinement for electrons in the
InGaN quantum well. This means that the heterostructure with
zero polarization charge (with < 24% In) cannot be directly used
for a quantum well device. Electron confinement would require
In concentration higher than 24%.
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Fig. 7 CB and VB offsets for AlGaN and InGaN layers relative to the
CBM and VBM of ZnGeN2. Band bowing parameters for InGaN are
from Ref. 19 and for AlGaN from Ref. 37. Strain effects are taken into
account using deformation potentials from Refs. 38 and 39.

Finally, we comment on proposals for optoelectronic de-
vice structures incorporating Zn-IV-nitrides in InGaN quantum
wells.6,7,40 The aim was to counteract the Stark effect by con-
fining holes in a thin ZnGeN2 layer. Such confinement of holes
will occur only if the ZnGeN2 valence band lies above the VBM in
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the III-nitride alloy. The simulations of Ref. 6, 7, and 40 relied
on the values calculated by Punya et al.12,13, which show a large
and negative value for the ZnGeN2/GaN VB offset (–1.1 eV). As
discussed in Sec. 3.1.4, our present calculations show that this is
not the case; i.e., we find the ZnGeN2/GaN VB offset to be posi-
tive. Therefore the Zn-IV-nitride layer is not able to confine holes,
thus casting doubt on these predictions.

4.2 Transistors

For electronic applications, enhanced interfacial polarization
charge can be beneficial since it allows achieving higher carrier
densities.3 If ZnSiN2 can be grown with sufficiently high quality,
forming heterostructures with AlGaN could be advantageous both
for electron confinement and for enhanced polarization. Our cal-
culations indicate that the CBM of ZnSiN2 is 1.6 eV below that
of AlN, while the VBM of ZnSiN2 is only slightly lower than that
of AlN. The large CB offset is beneficial for the two-dimensional
electron gas at a ZnSiN2 strained-to-AlN interface. We find the
polarization charge to be −3.5×1013 cm−2 at the ZnSiN2/AlN in-
terface, which is comparable to an interface between GaN and
Al0.5Ga0.5N. This high polarization charge and large band offset
makes ZnSiN2 an interesting material for electronic applications.

5 Conclusions
We have performed a comprehensive study of band alignments
and polarization properties of heterostructures between the Zn-
IV-nitrides and the III-nitrides. Values for spontaneous and piezo-
electric polarization coefficients are reported. We have demon-
strated that the Zn-IV-nitrides allow for new combinations of po-
larization and band gap, which might enable novel device struc-
tures. We have identified zero-polarization-charge interfaces be-
tween Zn-IV-nitrides and III-nitrides; however these structures
cannot be used for quantum-well devices due to the band off-
sets. Heterostructures between GaN and ZnGeN2 exhibit a type-II
offset, in which the valence band of ZnGeN2 is lower than in GaN.
For electronic devices, ZnSiN2/AlN interfaces exhibit a larger
conduction-band offset than AlGaN/GaN, along with a large po-
larization charge, thus allowing for potentially higher electron
sheet densities. The cases discussed are only examples of the
rich space that is opened up by integrating the Zn-IV-nitrides with
III-nitrides; the parameters reported in this paper will enable the
exploration of this space.
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• A table of contents entry: graphic maximum size 8 cm x 4 cm and one sentence of text, maximum 20 
words, highlighting the novelty of the work

Calculations of band alignments and polarization properties of the Zn-IV-nitrides highlight the promise 
of these materials for wide-band gap electronics.
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