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ABSTRACT: In semiconductor heterojunction, polarity
critically governs the physical properties, with an impact on
electronic or optoelectronic devices through the presence of
pyroelectric and piezoelectric ﬁelds at the active heteropolar
interface. In the present work, the abrupt O-polar ZnO/Gapolar GaN heterointerface was successfully achieved by using
high O/Zn ratio ﬂux during the ZnO nucleation growth.
Atomic-resolution high-angle annular dark-ﬁeld and brightﬁeld transmission electron microscopy observation revealed
that this polarity inversion conﬁnes within one monolayer by
forming the (0001) plane inversion domain boundary (IDB)
at the ZnO/GaN heterointerface. Through theoretical calculation and topology analysis, the geometry of this IDB was
determined to possess an octahedral Ga atomic layer in the interface, with one O/N layer symmetrically bonded at the
tetrahedral site. The computed electronic structure of all considered IDBs revealed a metallic character at the heterointerface.
More interestingly, the presence of two-dimensional (2D) hole gas (2DHG) or 2D electron gas (2DEG) is uncovered by
investigating the chemical bonding and charge transfer at the heterointerface. This work not only clariﬁes the polarity control
and interfacial conﬁguration of the O-polar ZnO/Ga-polar GaN heterojunction but, more importantly, also gives insight into
their further application on heterojunction ﬁeld-eﬀect transistors as well as hybrid ZnO/GaN optoelectronic devices. Moreover,
such polarity control at the monolayer scale might have practical implications for heterojunction devices based on other polar
semiconductors.
KEYWORDS: ZnO/GaN heterointerface, (0001) plane IDBs, polarity control, energetic stability, 2DHG, 2DEG

1. INTRODUCTION
The last two decades have shown intensive research on
wurtzite semiconducting materials, primarily the group III
nitrides and ZnO, for a wide range of potential applications,
such as high-eﬃciency light emitters,1 high-power, highfrequency transistors,2,3 as well as spintronic devices.4 Indeed,
a whole industrial ﬁeld was opened for solid-state lighting
based on GaN, as soon as reliable p-type doping with Mg was
established.5 Of course, this is not yet the case in ZnO for
which eﬃcient p-doping is still a challenge, notwithstanding its
large exciton bonding energy.6
Recently, ZnO-based heterojunction concept was introduced to operate two-dimensional electron gas (2DEG) with a
sheer carrier density of 1013 cm−3 at the heterointerface
without the need of doping,7 which extends its application into
heterojunction ﬁeld-eﬀect transistors (HFETs), such as
ZnMgO/ZnO HFET, with electron mobility reported to
reach as high as 106 cm2 V−1 s−1 at low temperature.8 However,
limited availability and high price of native ZnO substrate
© 2018 American Chemical Society

necessitate establishing growth of high-quality ZnO structure
on foreign substrates, for instance III nitrides,9 Al2O3,10,11 and
SiC.12 However, due to the large lattice mismatch, the epitaxial
ZnO layers are always plagued with high densities of extended
defects inherent to the wurtzite structure.13−15 Detrimental
eﬀects of these defects on the performances of the related
devices have been the subject of numerous reports.16−20 For
instance, the basal and prismatic stacking faults in ZnO were
reported to exhibit low formation energies and tend to coexist
with large densities of point defects.13,14 For the prismatic
{101̅0} inversion domain boundary (IDB), which exhibits two
stable atomic conﬁgurations,21−24 this type of boundary was
found to not induce electronic states in the band gap but could
attract charged point defects and build up an electrical
potential for the minority carriers in both p- and n-type
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Figure 1. STEM images of O-polar ZnO/Ga-polar GaN heterointerface. (a) HAADF image of O-polar ZnO/Ga-polar GaN heterointerface. The
white arrow shows the interface. The blue dots and lines underline the stacking sequences. (b) Simultaneous ABF image where atoms have been
superimposed. Big circles indicate metal atoms and small circles denote nonmetal atoms. (c) Overlap of the HAADF and ABF images showing the
interface conﬁguration. (d) Corresponding atomic model of the (0001) plane IDB.

ZnOs.15 Obviously, to fabricate high-performance devices, it is
necessary to fabricate high-quality ZnO thin ﬁlms. To further
improve the structural perfection of ZnO ﬁlms, (0001)-GaN/
c-sapphire template is considered as one of the best substrates
for epitaxial growth because the 1.8% of the lattice mismatch
between GaN and ZnO is 10 times smaller than that with
sapphire. This improvement in high-quality ZnO ﬁlm growth
would indeed open the way for optimization of devices
performance.25 The predicted electron velocity in bulk ZnO
reaches 3.1 × 107 cm s−1,26,27 exceeding that in GaN (2.9 ×
107 cm s−1).28 When combined with inexpensive epitaxial
technology, this feature makes ZnO an attractive choice for
high-power, high-frequency FETs (note that p-type problem is
not an obstacle for these unipolar devices relying on electron
conduction). In particular, theory predicts superior performance of ZnO-based FETs in terahertz range as compared to
GaAs.27
The realization of full potential of ZnO-based heterostructures on GaN in electronic devices requires an insight into
the properties of the ZnO/GaN heterointerfaces at the atomic
scale. At the interface, one not only faces purely crystallographic and chemical relationship but also requires a precise
control on the polarity relationship. As an example, in a
number of reports published on the luminescence properties of
p-GaN/n-ZnO heterojunctions, the emission was observed
either from the GaN29,30 or the ZnO side.31−33 However, as
was reported by Schuster et al. for nearly defect-free/p-GaN/nZnO nanowires,34 strong excitonic UV emission originating
from the ZnO side of the interface as well as stimulated
emission can be controllably attained from the ZnO side. Until
now, attempts to attain control of the layer polarity at the
ZnO/GaN heterostructure are scarce, mainly consisting of the
insertion of ultrathin (4 nm) Ga2O3, which helped change the
polarity of the overgrown ZnO to O-polar on top of a Ga-polar
template.34,35 However, for device application, an abrupt and
clean interface between the two semiconductors is the most
eﬃcient way to achieve the best performance. In this vein, early
attempt to grow Ga-polar GaN on O-polar ZnO by pulsed
laser deposition reported that this could take place at room
temperature, whereas it was necessary to use a low temperature
buﬀer layer to achieve similar result at 700 °C.36,37 Recently,
by close tuning of the growth conditions in molecular beam
epitaxy (MBE), complete reversal of polarity of a ZnO layer
growing on a Ga-polar GaN template within one monolayer
could be obtained.38 But, the details of the atomic structures of

this ZnO/GaN heterointerface and the corresponding physical
properties have not been clariﬁed yet. Clearly, this ZnO/GaN
heterointerface is (0001) plane IDB and a number of reports
on its investigation mainly focus on polycrystalline wurtzite
BeO39 and ZnO40 using either optical or high-resolution
transmission electron microscopy. In agreement with the
geometrical models proposed by Kim and Goo,40 the study of
the surface energy points out to the eight atomic conﬁgurations
of the (0001) IDB in wurtzite. However, until now, neither a
systematic investigation of their structural, energetic, and
electronic stability not a detailed experimental analysis of the
stable atomic structure has been reported.
In this article, we report on a systematic investigation of a
one monolayer transition from Ga-polar GaN to O-polar ZnO
heterostructure using scanning transmission electron microscopy (STEM), particularly in the high-angle annular dark-ﬁeld
and annular bright-ﬁeld mode (HAADF, ABF) to clarify the
atomic structure and chemical composition. To gain insight
into the genesis of the experimental observations, a detailed
theoretical analysis based on density functional theory (DFT)
is used to elucidate the chemical bonding character and
electronic property of the heterointerfaces.

2. EXPERIMENTAL OBSERVATIONS
TEM investigation on polarity-inverted ZnO/GaN heterointerface is
shown in Figure 1. The sample information and experimental
condition are given in the Supporting Information (SI). As pointed
out by white arrow (HAADF image of Figure 1a), only one
monolayer in this ZnO/GaN heterointerface exhibits a change in
contrast, which originates from the abrupt epitaxial growth that takes
place in the (0001) GaN surface. Further, in GaN template and ZnO
epilayer, a change in stacking sequence, as illustrated by blue dots and
lines, reveals the occurrence of polarity inversion between two
layers.41 In the ABF image recorded simultaneously (Figure 1b), a
clear atomic resolution is obtained and the light atom positions are
now well visible. The characteristic polarity dumbbell pairs of wurtzite
crystal are clearly resolved with the presence of the lighter contrast
zigzag below or above the darker atomic positions (Ga, Zn). The
interface plane comes out as only one monolayer that exhibits a
diﬀerent geometry with respect to the perfect wurtzite structure.
Otherwise, on each side of the interface, the hexagonal “-ABAB-”
stacking is clearly reserved and the polarity can be identiﬁed as Opolar in ZnO and Ga-polar in GaN. Figure 1c is the superimposition
of HAADF and ABF images in which the large green spots correspond
to the intensities where the metal atoms are dominant. Now, the
abrupt ZnO/GaN heterointerface is evidently identiﬁed as a
contribution of the metal layer. And the whole stacking sequence of
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Figure 2. STEM images of Zn-polar ZnO/Ga-polar GaN heterointerface. (a) HAADF image where the interface position is pointed out by white
arrows. (b) ABF image recorded on the same area as in (a). (c) A superposition of the HAADF and ABF images showing the continuous polarity.

Figure 3. Geometric models of the eight (0001) plane IDBs projected along the [112̅0] direction. The green and blue balls represent the metal and
nonmetal atoms, respectively. The arrows indicate the polarity from metal atoms to nonmetal atoms. The wurtzite stacking is shown for each
model.
the heterostructure can be directly deduced to AaBbA-cCaAc (H4
IDB) by following the same deﬁnition as in ref 40. The corresponding
atomic model is shown in Figure 1d.
When the polarity inversion was not initiated by tuning the right
O/Zn ratio, the polarity of the substrate extends to the ZnO epilayer
and the interface geometry is completely reserved. As seen in the
HAADF image of Figure 2a, only a faint change in chemical contrast
permits delineation of the ZnO/GaN interface (see white arrows).
The corresponding ABF image (Figure 2b) displays a perfect transfer
of the cation−anion sequence through the interface. This polarity
continuity also can be underlined directly in the superimposition of
the HAADF and ABF images (Figure 2c) in which a Zn-polar ZnO/
Ga-polar GaN heterostructure is shown.
Although the TEM observations clearly displayed the geometry of
ZnO/GaN heterointerface and proved that the inversion operation
has taken place at a metal atomic layer, the exact elemental
composition of the interfacial monolayer (cation−anion) should be
subjected to a more intimate examination. Previously, Kim and Goo40
proposed eight possible (0001) plane IDBs in ZnO without taking
into account the nonstoichiometric wrong bonds, which are
considered energetically unfavorable depending on the topology

analysis combined with the TEM measurement. One may assume that
these theoretical conﬁgurations also agree with the studied ZnO/GaN
heterointerface because the lattice mismatch between ZnO and GaN
is moderate (1.8%). Considering the reduced surface mobility in the
used MBE process at quite low temperature (300 °C),38 we may
suspect that mixtures of atomic species (Zn/Ga, O/N) at the interface
should remain at the level of dopants and shall not be considered in
modeling the dominant properties of the (0001) plane IDB at the
heterointerface. Moreover, because the GaN surface was thermally
precleaned at high temperature and the use of O/Zn ratio ﬂux is as
high as 6.0, one may conclude that the growth was initiated with a Gaterminated surface leading to a −N−Ga−O−Zn− (type A) interface
alignment. However, we could also consider the extreme case of a
monolayer shift of the interface to the next layer to form a −Ga−N−
Zn−O− (type B) interface. From the above points, for each IDB
model, two types of interfaces (type A and type B) are considered in
the following simulation sections. For convenience, simpliﬁed
expression in the form of H(A) IDB is also used to represent an H
IDB with type A interface in the following discussion, and so forth.
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3. METHODOLOGY
First-principle calculations are performed using the Vienna ab
inito simulation package.42,43 The exchange correlation
functional adopts the generalized gradient approximation
with the Perdew−Burke−Ernzerhof scheme. The interaction
between core and valence electrons is described by the
projector-augmented-wave pseudopotential.44 A 21 × 21 × 1
Monkhorst−Pack γ mesh is applied for Brillouin zone
sampling; the tolerance of energy and force convergence is
set to 10−6 eV and 0.01 eV Å−1, respectively.
The geometrical models of the eight possible (0001) plane
IDBs proposed by Kim and Goo40 are depicted in Figure 3.
Following the original notation,40 in H and T IDBs, the
polarity is head-to-head and tail-to-tail, respectively; the
wurtzite stacking sequence labeled along side is preserved
through the whole structure. As can be seen, H1 and H4 IDBs
exhibit similar structural features: a metal atomic layer located
at the octahedral position sharing six nearest neighbor
nonmetallic atoms at the interface, which, in turn, bond to
the adjacent layer of the tetrahedrally positioned metal atoms.
The diﬀerence between H1 and H4 IDB comes from the nextnearest neighbor atomic bilayer, which shifts from Bb location
in H1 to Aa in H4. In H2 and H3 IDBs, an aligned metal−
nonmetal−metal atomic arrangement is shown: the nonmetal
atomic layer at the interface binds to two metal layers with an
angle of 180° in deviation of tetrahedral occupation. Regarding
T IDBs, the interfaces are made of a nonmetallic atomic layer
where each atom is surrounded by six nearest neighboring
metal atoms situated at tetrahedral locations.
Depending on the geometry reviewed above, the (0001)
plane IDBs at the ZnO/GaN interface are constructed using
slab models with consideration of two types of interfaces. Each
supercell contains only one boundary at the interface, with
nine bilayers on both sides along the [0001] direction. The
detailed interface alignments can be seen in Figure 5 (type A
interface) and Figure S1 (type B interface). The use of slab
scheme implies a inﬁnite planar defect on the (0001) plane.
Pseudo-hydrogen atoms with fractional charge are used to
saturate the terminated surface and a vacuum layer of 24.4 Å
thickness is set to avoid the artiﬁcial interaction between the
image slabs.45 During the structural relaxation, the top two
bilayers of GaN and the whole ZnO epilayer are relaxed,
whereas the rest of the GaN atoms are ﬁxed at their bulk
positions to simulate the substrate.

Figure 4. Relative formation energy of the (0001) plane IDBs at
ZnO/GaN heterointerface with type A and type B interfaces: (a) H1/
H4 IDBs, (b) H2/H3 IDBs in comparison to H4(A) IDB, and (c)
T1−T4 IDBs.

4. RESULTS AND DISCUSSION
4.1. Structural Stability. The thermodynamic stability of
the 16 IDBs is evaluated by computing their relative formation
energies γform, and further formation energy approximation
under local equilibrium chemical environment of growth
processing is shown in the SI.
Figure 4 shows the relative formation energies of those IDBs
under diﬀerent processing condition. In the results, negative
value of γfrom demonstrates the relatively lower formation
energy compared with the reference. For all the IDBs
considered, it is found that the four structure pairs H1/H4,
H2/H3, T1/T2, and T3/T4 IDBs exhibit very similar energy
variation, respectively, independent of the interface alignment.
When comparing their corresponding stacking sequence, it is
understandable that the structural deviation coming from the
next-nearest neighbors has small inﬂuence on the thermodynamical stability of the IDBs.

In Figure 4a, independent of the μGa − μZn variation, H1/
H4(A) IDBs are more stable than H1/H4(B) IDBs, and the
relative formation energy of H4(A) IDB is 2 meV lower than
that of H1(A) IDB. It suggests that the H4(A) IDB is always
more energetically favored than the other three IDBs. The
relative formation energies of H2/H3(B) IDBs are smaller
than those of H2/H3(A) IDBs when the μO − μN value is
lower than −0.56 eV, as shown in Figure 4b. When the μO −
μN value increases above −0.56 eV, H2/H3(A) IDBs become
more stable. Taking H4(A) IDB as a reference (black line in
Figure 4b), it is found that H2/H3(A) IDBs always have a
higher formation energy, namely, lesser energetically favored
than the H4(A) one. However, with the μO − μN value below
−0.89 eV, H2/H3(B) IDBs are the most stable conﬁgurations
in all H IDBs. Once μO − μN > −0.89 eV, H4(A) IDB
becomes the most stable conﬁguration among all H IDBs.
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Figure 5. ELF of the (0001) plane IDBs in the ZnO/GaN heterointerface with type A interface: (a−d) H IDBs and (e−h) T IDBs. In each panel
on the left side is ELF isosurface contour, whereas that on the right side is 2D contour slice of ELF crossing the (112̅0) atomic plane. Interfacial
atom alignment −Zn−O−Ga−N− is labeled by element symbols, and Zn, O, Ga, and N atoms are represented by gray, red, green, and silver balls,
respectively.

In regard to T IDBs, because the polarity arrangement has
changed, their thermodynamic stability should be individually
discussed without the comparison to H counterparts. Figure 4c
clearly shows that T1/T2(B) IDBs are more stable than the
other T IDBs within the whole range of chemical potential
diﬀerence μO − μN. Additionally, between these two IDBs, the
formation energy of T1(B) IDB is 14 meV smaller than that of
T2(B) IDB. It means that T1 IDB with type B interface is the
most stable conﬁguration with respect to all T IDBs in the
ZnO/GaN heterointerface.
Considering the growth condition of high O/Zn ratio in the
MBE process, the constraint of chemical potential diﬀerence
μO − μN is larger than −0.89 eV, indicating the most
energetically stable H4(A) IDB is the best appropriate
structure to describe the experimental results.
4.2. Chemical Bonding and Bader Population
Analysis. After discussing the energetics of the (0001) plane
IDBs, the chemical bonding and the charge transfer in the
vicinity of the ZnO/GaN heterointerface are further

investigated by means of electron localization function
(ELF)46−48 and Bader charge analysis.
Figures 5 and S1 illustrate the ELF isosurface contours for
those IDBs projected along the [112̅0] direction (left panels of
Figures 5 and S1a−h). As seen in ZnO and GaN bulk regions,
the electron localization domains of the Zn−O and Ga−N
bonds localize more toward the O/N atoms due to their large
electronegativity. By increasing the isosurface value, those
electron localization domains spatially bifurcate into four
irreducible domains (yellow regions in the left panels of
Figures 5 and S1), named as bonding attractors, which
correspond to the four bonds in a perfect structure. The
corresponding 2D contour slices are displayed on the right
panels of Figures 5 and S1a−h using a color scheme in which
the colors range from blue through yellow to brown while ELF
increases from 0 to 1. The O/N atom positions are seen as the
large brown-yellow annular regions in right panels of Figure 5
and S1a−h. It indicates that the high localized electrons are
found in the regions. The Zn/Ga atoms are associated with a
37655
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Figure 6. Bader population analysis of the (0001) plane IDBs in the ZnO/GaN heterointerface: (a) H(A) IDBs, (b) T(A) IDBs, (c) H(B) IDBs,
and (d) T(B) IDBs.

small ELF value with a light blue ring. The polarized covalent
character of the Zn−O and the Ga−N bonds can be seen in
the oval shaped localization domains of the O/N atoms
pointing toward the Zn/Ga domains.
In regard to H1/H4(A) IDBs, electron localization domains
resolve into four bonding attractors around the interfacial O/N
atoms, which are consistent with those in the bulk regions, as
shown in the left panels of Figure 5a,d. However, in H1/
H4(B) IDBs (see the left panels of Figure S1a,d), the
localization attractor along the N−Zn bonds appears to be a
large domain located above the N atom, a deviation from
tetrahedral the conﬁguration, which may respond to the high
energy shown in Figure 4a. As for H2/H3(A) IDBs, the
electron localization domain exhibits a spherical section
around the interface O atom, as shown in the left panels of
Figure 5b,c. However, in Figure S1b,c, interfacial N atom in
H2/H3(B) IDBs has two bonding attractors located at an
angle of 180° at the links of Zn−N and N−Ga. The 2D
contour slices exhibit no obvious change in H IDBs relative to
the perfect crystal as described in their corresponding right
panels of Figures 5a−d and S1a−d.
The electron localization domains of either Zn−O−Ga or
Zn−N−Ga chains in T IDBs are located close to the
intermediate O/N atoms and exhibit more dispersion because
the O/N atoms are located at the octahedral site, which
corresponds to more nearest-neighbor atoms, as shown in the
left panels of Figures 5e−h and S1e−h. Additionally, more
interesting is that all the 2D contour slices exhibit a visible
electron delocalization with the ELF value of about 0.5 at the

interfacial Ga/Zn atom layer in T(A/B) IDBs, indicating the
formation of a homogeneous electron gas at the boundaries,47
as shown in the right panels of Figures 5e−h and S1e−h.
Bader charge analysis on individual atom layer is
implemented along the [0001] direction to quantify the
charge transfer in IDBs. As shown in Figure 6a for all H(A)
IDBs, the interfacial Ga atom has a charge of +1.7 e−, 0.2 e−
more than the value in a perfect crystal (+1.5 e−). This
indicates a positively charged interfacial Ga layer in H(A)
IDBs. Additionally, the adjacent N or O layer in H1/H4 or
H2/H3 IDBs is also found to accept an extra charge of +0.3 e−
per atom in comparison to those in the bulk regions,
respectively. In the same vein, Bader charge shown in Figure
6c exhibits a positively charged N layer at H(B) IDBs with an
additional charge of around +0.7 e− gained by each N atom.
This hole concentration at one (or even two) atom layer
points to the existence of two-dimensional hole gas (2DHG) in
H IDBs. However, because the ELF does not visualize the hole
density, there is no variation uncovered in 2D contour slices of
ELF (right panels of Figures 5 and S1a−d). Regarding the T
IDBs, the interfacial Ga or Zn atoms accept an extra charge of
−1.0 e− each in the type A interface and −0.5 e− each in the
type B interface relative to those in the bulk region. And this
electron accumulation in the interfacial monolayer does not
extend vertically to the adjacent atom layers, strongly
suggesting the occurrence of 2DEG and perfectly agrees with
the ELF results shown in Figures 5 and S1e−h. The present
DFT calculations constitute a quantum mechanical explanation
of the results that were recently reported based on the eﬀective
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Figure 7. PDOS of the individual interface atom layer in each IDB with type A interface (a−c), and type B interface (d−f). The atom sequence
follows the interface atomic chain labeled in Figures 5 and S1. Fermi level is highlighted by dashed line at zero position.

the valence band edge are strongly dependent on the local
topology of the IDBs. As shown for H1/H4 IDBs in Figures 5
and S1a,d, the interfacial cations are located at the octahedral
site and bounded with symmetric O/N atoms in the
tetrahedral position. The number of cation−anion bonds and
their bond angles are deviated from the perfect crystal.
Therefore, the hybridization states at band edge are intensive
in density, with the contribution mainly coming from N/O px,
py, and pz orbitals below 0 eV, whereas the hybridization states
above the Fermi level originate from N/O px and py orbitals. In
H2/H3 IDBs that have linear atomic chain in the z-direction,
with the cations located at the tetrahedral site (seen in Figures
5 and S1b,c), the pz orbitals of the interfacial O atom in Figure
7b and N atom in Figure 7e stay identical as those in perfect
wurtzite structure, whereas the py and pz orbitals are strongly
hybridized with Zn/Ga 4d orbitals at the valence band edge.
As for the rest band immediately below the valence band
maximum, states of Zn/Ga 3d, 4p and N/O 2p orbitals are
dominant. The high density of Zn 3d orbital in the entire
valence band range and the strong coupling interaction of p−d
orbitals at the valence band maximum fully agree with the
experimental results from the X-ray photoelectron spectrosco-

mass approach, where the formation of interface charges was
reported to originate from the synergetic eﬀect of piezoelectric
and spontaneous polarization in such heterostructures.34
4.3. Electronic Structure of IDBs. The computed partial
density of states (PDOS) on individual atom layer at each IDB
are plotted in Figure 7, in which H1/H4, H2/H3, and all T
IDBs exhibit similar proﬁles within type A and type B interface,
respectively. Moreover, the corresponding PDOS onto the p
(px, py, and pz) orbitals of the atoms near the valance band
edge are provided to further illustrate the electron contribution
(see right panel of each ﬁgure).
As can be seen in Figure 7a,b,d,e, all H IDBs are observed to
be metallic, as there is nonzero DOS across the Fermi level
position. The metallic behavior of H(A) IDBs mainly comes
from the contribution of Ga/Zn 3d, 4p and N/O 2p orbitals
around the Fermi level position. The hybridization peak
emerging across the Fermi level came from the strong
interaction of Ga/Zn 3d and N/O 2p orbitals, conﬁrming
the metallic character of H(B) IDBs (Figure 7d,e). Combining
with the ELF and Bader charge analysis above, the empty states
just above the Fermi level may serve as p-type interface states
in H IDBs. The split PDOS onto px, py, and pz orbitals of the
interfacial atoms reveal that contributions of N/O p orbitals on
37657
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py49 and the theoretical investigations obtained by all-electron
band structure calculation50 and LDA + U method.51
PDOS of T(A) IDBs exhibit the same electron contribution
of Zn/Ga 3d, 4p and N/O 2p orbitals as the IDBs discussed
above in the middle of the valence band (energy range from
−4 to −1 eV), but with bands extended in energy. The
localized states that appear at around −0.3 eV are mainly
contributed from Zn 3d, 4p, O/N 2p (px, py, pz), as well as Ga
4s, 4p, and 3d orbitals. This states extend across the Fermi
level with all the Ga orbitals remarkably intensive, corresponding to the already pointed out negatively charged Ga atomic
layer in the ELF and Bader charge analysis. Similarly, all the Zn
orbitals at T(B) IDBs are remarkably intense and strongly
hybridize with O/N 3p and Ga 4p orbitals around the Fermi
level, supporting the electron accumulation at the interfacial
Zn layer as discussed above. The bands in the low-energy
range shift below and extend in energy with the same electron
orbital contribution as in other IDBs.
Through detailed experimental observations, we have
speciﬁcally addressed an H IDB at O-polar ZnO/Ga-polar
GaN heterointerface and this polarity reversal took place in
one metal monolayer all over the sample surface. The H4(A)
model is clearly shown to be the most stable with the −Zn−
O−Ga−N− interface alignment, where the interface layer is
formed by Ga atoms. This is in complete agreement with the
growth conditions, where the O/Zn ratio was high38 and the
surface mobility is quite lower in the P-MBE process. As
unveiled above, the H IDBs exhibit a 2DHG, whereas the T
ones present a 2DEG at the interfaces. Indeed, as free standing
GaN substrate is available, this investigation ﬁnds direct
application when the growth of ZnO with polarity reversal
within one monolayer will be made on the (0001) surface for
the speciﬁc device and opens new avenues in novel electronic
and optoelectronic devices through a selective area surface
modiﬁcation.

IDBs) and O/N 2p orbitals. In this instance, we have unveiled
a general property of such interfaces in agreement with a recent
report based on the analysis of the transport properties in
interplay with the polar character of these materials. Of course,
this insight into the physico-chemistry of the ZnO/GaN
interface at the monolayer scale might provide means for
controlling polarity in heterojunction devices based on other
polar material systems, including III nitrides and II−VI
semiconductors. The desirable property suggests that the
fabricated O-polar ZnO/Ga-polar GaN heterostructure could
be a promising material for high electron mobility transistors
for high-frequency and high-power applications in telecommunication.
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5. CONCLUSIONS
In summary, O-polar ZnO/Ga-polar GaN heterostructure has
been achieved using a high O/Zn ratio, above the critical value
of 1.5, during the low-temperature P-MBE growth process.
Detailed high-resolution HAADF and ABF STEM investigations unveiled that the polarity inversion took place within
one monolayer, in which the metal atoms are dominant, to
form the (0001) plane IDB at the ZnO/GaN heterointerfaces.
Systematical theory simulation of H and T type polarity
alignment at the ZnO/GaN heterointerface has been
performed with the consideration of −Zn−O−Ga−N− and
−O−Zn−N−Ga− interfaces. In contrast with the earlier work
carried out on polycrystalline ZnO that predicted a H3 IDB,
H4 IDB with a −Zn−O−Ga−N− type interface at the O-polar
ZnO/Ga-polar GaN heterointerface matches the experimental
topology very well and comes to be more energetically stable
by comparing the relative formation energy. In a detailed
analysis of the chemical bonding and charge transfer at those
IDBs, it is shown that, independent of atomic sequences, the H
IDBs exhibit a 2DHG with one or two interfacial atom layers
positively charged. However, the T IDBs display a visible
electron delocalization with an ELF value of around 0.5 at the
interfacial Ga/Zn layers, and the layers gained extra 1.0/0.5 e−
electron per atom, suggesting the formation of 2DEG. The
PDOS analysis uncovered a metallic nature at the 16 IDBs, as
there are nonzero electron states crossing the Fermi level,
which are mainly originated from Zn/Ga 3d (H IDBs), 4s (T
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