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The band offsets between the Zn-IV-Ng2 nitrides, ZnGeNs and ZnSnNs, and two other closely
lattice matched semiconductors, ZnO and GaN, are calculated using density functional theory cal-
culations including quasiparticle corrections. The interface dependence as well as the role of strain
are investigated. A staggered type-II alignment is found between ZnGeN2, GaN and ZnO with ZnO
having the lower and ZnGeNy having the higher valence band maximum. The potential benefits of
this alignment for photovoltaic applications is pointed out.

I. INTRODUCTION

Band offsets at heterojunctions play an important role
in semiconductor devices, such as light emitting diodes
(LED) and solar cells. They lead to built-in electric fields
which allow one to control the spatial distribution of car-
riers. For an LED, carrier confinement of both holes
and electrons in the same region is beneficial while for
photovoltaic applications, separation of photogenerated
electrons and holes is required. Recently, some new ni-
tride semiconductors have become of interest besides the
already well studied group-III nitrides.'® In these new
heterovalent nitrides with composition II-IV-Ny the four
group III cations surrounding each nitrogen are replaced
by two group II and two group IV ions, e.g. ZnGeNj
instead of GaN. In a recent paper we presented elec-
tronic band structures for Zn-IV-Ns semiconductors.?
Several papers have recently appeared*® on the growth
of ZnSnNy and pointed out the opportunities of this ma-
terial for photovoltaics based on earth-abundant elements
because of its relatively low band gap, estimated in dif-
ferent papers between 1.4 and 2.0 eV. Our own best
estimate based on the quasiparticle self-consistent GW
method and using the experimental lattice constant is
1.840.1 eV. This differs slightly from the value given in
Ref.3 because in that paper we had used the slightly un-
derestimated LDA lattice constants, while the present
value corresponds to the experimental lattice constants
of Ref.% at room temperature. While ZnGeNy has a gap
of 3.4 eV,>7 which is far from optimal for photovoltaic
applications, we point out here the interesting opportu-
nity that ZnGeNsq, wurtzite GaN and ZnO have all three
almost equal band gap of ~3.4 eV and are closely lattice
matched. This means necessarily that the band offsets
must be staggered, or so-called type II. Throughout this
paper we assume the wurtzite structures for ZnO and
GaN as these are the lowest energy structures. This cre-
ates a situation where an effectively smaller band gap
exists across the interface. This leads to the possibil-
ity of absorption at lower photon energies and effective
separation of electrons and holes in the different semicon-
ductors joined at the interface. The questions are how
large are the band-offsets between these materials? Do
they lead to effective absorption in the visible range? We
will show in this paper that if the materials are arranged

from low to high valence band maximum (VBM), the va-
lence band offsets are from 0.4 -2.6 eV thus predicting
significantly lower effective gaps at the interfaces.

This is of interest from a fundamental point of view
because it highlights the role of Zn-3d orbitals and the
anion in affecting the valence band maximum. ZnGeNs,
GaN and ZnO indeed differ in that, in ZnGeNy the Zn-3d
electrons lie at about 7 eV below the VBM, whereas the
Ga-3d states lie about 17 eV below the VBM. In ZnO,
on the other hand, we have even shallower Zn-3d levels
at about 6 eV, but now the anion O-2p states are also
deeper than N-2p states.

We exclude ZnSiNy from this study because it has an
indirect gap and a larger lattice mismatch from the other
materials. We include ZnSnNs although it has a larger
lattice constant than the other three materials because
itself has been viewed as a potentially useful material
for solar cells. Band offsets between group III nitrides
have been studied before® as well as between GaN and
ZnQ.% 14

II. COMPUTATIONAL METHOD

Our calculations of the structure and electrostatic po-
tential at the interfaces are based on the density func-
tional theory'®16 in the local density approximation
(LDA). We use the full-potential linearized muffin-tin or-
bital method as band structure method.'”"'® However,
our calculation of the band structures themselves in each
bulk material is based on the quasiparticle self-consistent
(QS) GW approach. Here G and W stand for the one-
particle Green’s function and screened Coulomb interac-
tion respectively and iGW is an approximation for the
self-energy ¥.1920 This method is known to provide not
only much improved band gaps but also shifts of the in-
dividual band edges relative to the average electrostatic
potential in each material. The QSGW method actually
overestimates gaps slightly because of the underestimate
of the dielectric screening when neglecting electron-hole
interaction effects. This is typically an effect of order 20
% and hence, reducing the QSGW self-energy correction
to 80 % of its value, a more accurate results is obtained.
Below, when we say QSGW results, we actually mean
that this 80 % reduction effect has been included.
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FIG. 1: Diagram illustrating band-offset calculation proce-
dure. The top part shows the difference between bulk band
edges measured from the average electrostatic potential in
each material and the interface dipole. The bottom part
shows the positions of the atoms in the supercell and the
identification of the two bulk regions inside it.

We calculate the alignment of the electrostatic poten-
tial using the local density approximation (LDA) with a
supercell approach for modeling the interface. The posi-
tion of the bands relative to the potential are determined
separately for each material including quasiparticle self-
energy effects of the individual band edges. The band
offsets are also strongly influenced by strain and depend
on the particular arrangement at the heterostructure, the
degree of epitaxy etc. We first study coherently strained
interfaces. We assume that the in-plane lattice constant
is dictated by the substrate, and relax the distance per-
pendicular to the interface based on continuum elastic
theory. The internal positions of the atoms and the in-
terface layer separations are determined by relaxing the
total energy. Deviations from the specific structural mod-
els or strain situations handled explicitly here can (if re-
quired) be analyzed later in terms of the deformation
potential induced changes to the VBM for each individ-
ual material. We study the importance of these effects
by examining three different interface orientations. We
then attempt to extract from this an average interface
independent and strain-free “natural” band offset which
might apply to more random situation, for example an
array of nanoparticles in close contact with different in-
terfaces.

The procedure is illustrated in Fig. 1. The band off-
set is thus essentially separated in a bulk and interface
contributions,

AE,(A/B) = (E)(B) — E};(B)) — (E}(A) = El.(A))
+(Eref(B) — Eep(A))
=AE+Vp (1)

The first two terms give the bulk valence band maximum
relative to some suitable reference level in each material

separately, the third term gives the change in reference
level across the interface. We call it the dipole potential
Vp.2! Several types of reference levels can be used.

All it needs is some suitable markers of the potential in
the materials that can be identified in the separate bulk
as well as locally in the interface system whose potential
can be viewed as being bulk-like during the layers suffi-
ciently far from the interface, except for a constant shift
near the interface. In practice, for example, it is common
for experimentalists to use a core level as reference level.
Here we use the average potential at the muffin-radius
over the atoms in a layer. The average is taken weighted
by the area of the spheres,

2
(2

Here Vj; is the potential at the sphere radius s; of the i-th

muffin-tin sphere and the sum is over all atoms in a given

atomic layer.

It is convenient to focus first on non-polar directions
such as the [100] and [010] direction. In this case, each
layer is neutral in bulk. For the polar direction [001], be-
cause of the difference in spontaneous polarization, and
the piezoelectric polarization due to the specific strain,
a net charge can occur at the interface and this leads to
an overall electric field in each different semiconductor
region, in other words, a sloped potential. This slope is
then superposed on the dipolar shift that occurs also over
a few atomic layers and this makes it a little more am-
biguous to separate the in-principle abrupt dipole jump
and slope discontinuity. In a previous paper? we have
shown that the spontaneous polarization of ZnGeNs,
GaN and ZnSnN, are relatively close to each other, so
that these effects are small, although they may be some-
what larger for the interfaces with ZnO. In reality, the
surface charge resulting form the discontinuity in polar-
ization, 0 = AP - 71, which in a continuum model, is a
strict 2D charge per unit area, is distributed over some
layers, and thus the potential is not really discontinuous
in slope. The dipole discontinuity is likewise not abrupt
at the atomic scale and this results in some difficulty in
disentangling the two from each other.

So, to summarize, we set up a suitable supercell, mod-
eling the interface with a few layers of each material,
and calculate its self-consistent potential. Then we ap-
ply the above filtering and averaging procedure to extract
the interface dipole profile and extract from this the Vp
term. The band edges with respect to the same type of
average are determined separately in each material also
within the local density approximation (LDA). However,
a quasiparticle correction for each material is then ap-
plied to the band edges relative to the electrostatic po-
tential. In other words, we take into account how much
each band edge is shifted from its LDA to its GW result
relative to the same electrostatic potential average. As
discussed earlier,? this makes sense within the quasiparti-
cle self-consistent GW method, in which our Kohn-Sham
eigenvalues approach the quasiparticle energies once the



exchange correlation potential is self-consistently deter-
mined from the GW self-energy.

Our assumptions for a specific strain state assume one
of the materials, say GaN is the substrate. We then ad-
just ZnGeNs to be biaxially strained to the substrate, i.e.
to have the same in-plane lattice constants as the sub-
strate. The perpendicular lattice constant is obtained by
minimizing the strain energy

1 €11 C12 €13 m
U= 5(m,mms) | c12 c2 cos 2 (3)
C13 €23 €33 3

using the previously calculated elastic constants.? For the
interface layer separation, we initially assume the aver-
age of the two bulk inter-planar distances and this sets
the overall lattice constants of the supercell. Afterwards,
all atomic positions as well as the interface layer separa-
tion (or equivalently, the overall lattice constant in the
direction perpendicular to the interface) are relaxed to
minimize the total energy. We find that this results pri-
marily in adjustment of the interlayer separations right
next to the interface.

The bulk contribution AE? is calculated with the ap-
propriately strained separate materials as occurring at
the interface. It can be decomposed into an unstrained
contribution AE? and a strain contribution: AEY =
AE9+A;. To evaluate the importance of the GW correc-
tion, we further decompose AE? into the LDA part and
its GW correction, AEY(GW) = AEY(LDA) + Agw.
In fact, these contributions can be given separately for
each material, but the strain contribution depends on
which strain situation is considered, and hence on the
interface. Note that the strain here is biaxial and con-
tains both a traceless as well as a hydrostatic compo-
nent. The hydrostatic absolute deformation potential re-
quires itself an interface calculation between unstrained
and strained material because the reference level is not
guaranteed to be the same between two separate bulk
calculations. We have checked with separate calculations
of strained ZnGeNy on unstrained ZnGeNsy that this ef-
fect is less than 0.1 eV on the A;. By comparing the
strained with the unstrained bulk ZnGeNs, we can undo
the strain effect to extract a “natural” band-offset, i.e.
AE" = AE? + Vp, where the average of Vp over dif-
ferent orientations is indicated by Vp.

This would for example occur, if we assume that the
ZnGeNj is too thick to stay pseudomorphic and instead
relaxes by introducing misfit dislocations. We have no
way currently to take into account the effects of those
misfit dislocations on the dipole but we can easily es-
timate the changes in band edges due to the different
strain states in the bulk. In principle some other resid-
ual strain state might occur due to thermal expansion
mismatch. For example it is common to assume that
at the growth temperature, the film is fully relaxed but
after cooling a strain results from the different thermal
expansion coefficients. Once we have a natural “strain”
free band offset, it would in principle be possible to add
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FIG. 2: Potential profiles for different interfaces for
GaN/ZnGeNj. The potential shown is the V of equation
Eq.(2).

TABLE I: Orthorhombic structure lattice constants as
strained for particular GaN/ZnGeN; interfaces

a(d) b@A) A

ZnGeN; (unstrained bulk) 6.38 5.45 5.22
ZnGeN, [100] 6.40 5.47 5.14
ZnGeNy [010] 6.31 5.49 5.14
ZnGeNs [001] 6.31 5.47 5.31

GaN (unstrained substrate) 6.31 5.47 5.14

strain effects in terms of deformation potentials assuming
the strain state is known or measured for a specific sit-
uation. For GaN/ZnGeNy these effects are all expected
to be rather small.

III. RESULTS

We start by illustrating the methodology for the
GaN/ZnGeNy case. Fig. 2 shows the average poten-
tials as discussed in the previous section for three dif-
ferent interface orientations and the dipole potential Vp
extracted from them. We used supercells consisting of
4 (or 6) layers of GaN and 4 (or 6) layers of ZnGeNj.
Only the results for the larger cells are shown in Fig. 2.
The dipoles extracted from the smaller cells agree with
the larger ones within 0.1 eV and therefore for the other
materials, we have used the smaller cells. The lattice con-
stants obtained by minimizing the strain for the ZnGeNy
region for each interface are summarized in Table I and
compared with the equilibrium lattice constants of un-
strained ZnGeNy and GaN.

The separation of the valence band edges relative to
the average electrostatic potential in the LDA, its GW
correction, and the band gap for each material are given
in Table II. The band gap given here is the low tempera-
ture experimental exciton gap rounded to 0.1 eV, which
agrees well with QSGW after the 0.8% correction, a zero-



TABLE II: Decomposition of band edge (relative to average
electrostatic potential V' as defined in Eq.(2)) in each material
in LDA, its GW shift and band gap (unit in eV).

E2(LDA) Acw E,

GaN 9.30 -0.34 3.5
ZnGeN; 9.40 -0.13 3.4
ZnSnN; 10.42 0.20 1.8
ZnO 6.45 -1.62 3.4

TABLE III: Dipole potentials and valence band offsets in each
direction from 8 layer-supercell, unit in eV. (values in paren-
thesis are obtained from 12 layer-supercell)

GaN/ZnGeNy; ZnO/ZnGeN; GaN/ZnSnN,
AEY(GW) 0.31 4.44 1.66
Al 0.15 0.25 0.24
AL 0.19 0.29 0.33
Aol 0.14 0.21 0.34
yeol 1.15(1.29) —2.21 0.18
Lol 1.04(1.17) —2.10 0.18
vou 1.10(1.24) —2.43 0.23
Vb 1.10(1.23) —2.25 0.20
AER 1.61(1.75) 2.48 2.08
AEP 1.54(1.67) 2.63 2.17
AEP 1.55(1.69) 2.22 2.23

point motion and exciton binding energy correction.?

The extracted dipole potentials Vp and AE? including
the strain effects are included in Table III for each pair of
interfaces calculated directly. The average over directions
is also included.

In Fig. 3, we show the total densities of states (DOS),
resolved layer by layer. One could in principle read off
the band offsets directly from this figure by taking the
difference between the VBM in the central layers in each
half of the unit cell. However, the procedure discussed
before is somewhat more accurate. The two are in fact,
in good agreement. The total DOS illustrates that the
middle layers are indeed already bulk-like, in other words,
that our supercell is large enough.

We can see that the band-offsets between ZnGeNy and

TABLE IV: Natural valence and conduction band offsets, gap
differences and effective interface gaps of heterostructures (in
units of eV).

AEn AER AE, E»™
GaN/ZnGeN,  1.4(1.5)" 1.3(1.4) —0.1 2.1(2.0)
GaN/ZnSnNy 1.9 0.2 -1.7 16
Zn0/GaN 0.8(0.7)  0.9(0.8) 0.1  2.6(2.7)
Zn0/ZnGeN> 2.2 2.2 0.0 1.2
Zn0/ZnSnN> 2.7(2.6) 1.1(1.0)  —1.6 0.7(0.8)
ZnGeNy/ZnSnN,  0.5(0.4) —1.1(-1.2) —1.6 -

“The values in parentheses correspond to the larger supercells

VBM of GaN

VBM of ZnGeN,

Total DOS at each layer

Energy (eV)

FIG. 3: Total DOS at each layer of GaN/ZnGeNj; heterostruc-
ture in the Y-interface direction

GaN depend only little on the interface direction. The
variation is only 0.08 eV. This is because the materi-
als are the closest lattice matched. For the other cases,
the strain effects are somewhat larger and hence also the
band-offset variation with interface orientation. By leav-
ing out the strain contribution, we obtain an estimate of
strain relaxed instead of coherently strained interfaces.
The average of these over the three interfaces is what we
defined as a “natural” band-offset.

Finally, we summarize the valence as well as conduc-
tion band offsets and gap discontinuities in Table IV not
only for the pairs directly calculated by also the other
ones, which follows from the transitivity rule. We can
see that all heterostructures considered have a type-II
alignment, except for ZnGeNy/ZnSnNs. For all type II
heterostructure, the lowest gap of the overall system is
between the VBM of one and the CBM of the other ma-
terial. This transition is spatially indirect and therefore
we expect optical absorption at this smallest gap only
near the interface. We therefore call it “the interface
gap” E;”“’, average (av) meaning with respect to dif-
ferent interface directions. It is included in Table IV.
On the other hand, ZnGeNy has a type-I alignment with
ZnSnNsy, which means that ZnSnNs quantum wells could
be created with ZnGeNy barriers for LED type of appli-
cations. The alignments of the valence bands and con-
duction bands between all four materials are also conve-
niently summarized in Fig. 4. The interface gaps as well
as the valence and conduction band offsets of each pair
can be directly read from this figure.

Considering the three materials with gaps near 3.4 eV,
we note that the valence band offsets are of order 1-2
eV and we find the VBMs ordered from low to high from
Zn0O to ZnGeNy. This would imply that electrons will
migrate from ZnGeN; to GaN to ZnO if all three were
present in the same structure. Holes on the other hand
will migrate from ZnO to GaN to ZnGeNs. This sepa-
ration of carriers of different polarity in different regions
is advantageous for photovoltaic applications. While the
band gaps of these materials are in the UV and hence not
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FIG. 4: Natural band off-set alignment of ZnO, GaN, ZnGeN;
and ZnSnNy and their effective interface gaps (in eV)

directly suitable for terrestrial solar cell applications. one
may expect light absorption at the smaller effective inter-
face gap of these heterostructures. This could be signifi-
cant if the a significant portion of the material is near the
interfaces, in other words if it is nanostructured. These
occur at 1.2 eV (infrared) at the ZnO/ZnGeNs inter-
face, 2.0 eV (yellow) at the GaN/ZnGeNj; interface and
at 2.7 eV (blue) at the ZnO/GaN interface, thus covering
various portions of the visible spectrum and the near in-
frared. We envision a solar cell of the type schematically
shown in Fig. 5. It would consist of nanosize columns
of each of the materials, arranged in such a way that all
three interfaces occur between them. We caution that
the effective band gaps in these heterostructures could
be larger than the interface gaps given in Table IV be-
cause of the size-quantization effect. By further varying
the sizes of these nanocolumns and hence their band gaps,
one could further improve the range of wavelengths for
which light absorption can take place. Including ZnSnN,
in the design of such a solar cell, would further allow ab-
sorption at 1.8 eV (red) and even further in the near
IR (0.8 e¢V). We note that the VBM of ZnSnN; is the
highest of the four materials, so ultimately holes would
migrate to ZnSnNs while the conduction band of ZnSnNy
is above those of ZnO and GaN, so electrons would still
accumulate to ZnO. Of course, the growth of such a so-
lar cell with well separated materials and sharp interfaces
presents a considerable challenge to thin-film and nanos-
tructured growth method.

IV. DISCUSSION

The only case for which we are aware of previous results
in the literature is the ZnO/GaN interface. Our valence
band-offset of 0.8 eV is in good agreement with the ex-
perimental results of Liu et al.'® based on photoemission

ZnO
ZnGeN,
GaN

|
P-Type

FIG. 5: Concept of nanosize columnar solar cell of ZnO, GaN
and ZnGeNy

measurements of thin films of GaN grown on ZnO. They
find 0.740.1 eV for polar and 0.9£0.1 eV for non-polar
interfaces. On the other hand, Veal et al.!! obtained the
ZnO/GaN band offset of 1.37 eV in an indirect way by
measuring the ZnO/AIN band offset and using the transi-
tivity rule. McDermott et al.'3 studied mixed ZnO/GaN
solid solution systems and proposed a 1.6 eV band off-
set between the ZnO-phase and GaN-phase in such sys-
tems. They found an effective gap of about 2.6-2.8 eV
in such systems, in agreement with our proposed inter-
face gap. However, the quantum size effects on the ZnO
and GaN phases in such a mixed system are not com-
pletely clear. Their valence band offset is deduced from
examining second derivatives of the O-K and N-K X-ray
absorption and emission spectra in the mixed systems.
They find evidence that such a mixed system is in fact
phase separated at the nanoscale rather than forming a
homogeneous superlattice oxynitride.

On the theory side, Huda et al.'? found a band offset
of 0.7 eV using the GGA+U method, i.e. including a
Hubbard U for Ga-3d and Zn-3d. Wang et al.'* also cal-
culated a valence band offset of 1.04 eV using GGA+U.
They in addition studied core-shell nanowire heterostruc-
tures. Wang et al.” find valence band offsets ranging from
0.455 eV to 1.588 eV depending on which exchange cor-
relation functional is used. Using GGA functionals PBE
or PWO1 they find relatively small offsets while adding
Hubbard U for the Zn-3d and Ga-3d, the band offset
is increased. Their highest band offset is found for the
hybrid functional HSE06 (Heyd-Scuseria-Ernzerhof??) in
which they used a different fraction of Hartree-Fock mix-
ing for both materials, so as to adjust the gaps. It is well
known that HSE06 tends to shift down the valence band
maximum and apparently in their calculation this occurs
stronger for ZnO than for GaN (maybe because of the
larger Hartree-Fock fraction used). This illustrates that
obtaining a correct quasiparticle shift of the individual
band edges is important. We note (from Table II) that
among the materials studied here, the GW correction is
the most negative in ZnO and shows relatively smaller
variation among the nitrides. Since these band-offsets
also depend strongly on strain, a detailed comparison be-



tween different results requires considering which strain
state was assumed. For example, the results of Wang et
al.? correspond to a coherently strained interface. Since
in strained GaN, the VBM is split, it increases the va-
lence band offset. It can also be seen in Table III that the
strain contribution is positive in all cases. Wang et al.”
found that the dipole contribution is almost independent
of the functional used. This supports our approach of
calculating the dipole at the LDA level, while the indi-
vidual band edges in each material require the use of the
GW corrections. Our valence band offset for ZnO/GaN
is also in good agreement with the embedded cluster ap-
proach calculations of Walsh et al.?® which use a hybrid
functional in the quantum mechanically treated region.
Our calculations have assumed perfect crystals except
for strain effects. Point defects and cation disorder, es-
pecially in the ternary nitride may affect their valence
band offset.?*

V. CONCLUSIONS

We have studied the band-alignment between ZnGeNs,
ZnSnNy, GaN and ZnO. Calculations were carried
out for coherent [100], [010], [001] interfaces of three
pairs of the materials, GaN/ZnGeNy, GaN/ZnSnNy and
Zn0O/ZnGeNs. By separating out the strain contribu-
tion, we also deduced an averaged natural band-offset
for strain-relaxed materials. The GW corrections to the

band offset were found to be important for interfaces
involving ZnO because among these materials, it has a
much larger downward valence band shift between LDA
and GW band edges.

The band off-sets at the other three possible pairs are
deduced from the transitivity rule. They show that ex-
cept for ZnGeNy /ZnSnNy, all other heterostructures con-
sidered are of type II, which is promising for charge sepa-
ration at such interfaces. The effective “interface gaps” of
these materials are in the visible to near infrared making
them much more attractive for photovoltaics than the in-
dividual materials, which have gaps in the UV except for
ZnSnNs,. These materials’ valence bands are in increas-
ing order from ZnO to GaN to ZnGeN3 to ZnSnNs. Their
conduction bands are in decreasing order from ZnGeNg
to ZnSnNs to GaN to ZnO. Thus in a composite sys-
tem comprising all four materials, holes would flow to
ZnSnNs, and electrons to ZnO. A columnar nanosize so-
lar cell concept was presented for how potentially these
band offsets could be utilized in photovoltaic cells.
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