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1. Introduction

In the absence of inversion symmetry 
along the c-direction, group III-nitride 
materials on sapphire substrates (AlN, 
GaN, InN) and their alloys can exhibit 
either an N-polar or a metal- (Al, Ga, In) 
polar surface.[1] Here, N-polar or metal-
polar refers to the situation where the 
epilayer grows along the c or −c direction. 
Although having identical bulk properties 
(e.g., refractive index, bandgap, etc.), the 
two polarities exhibit noticeable differ-
ences in surface energy,[2] growth mode,[3] 
nonlinear optical property,[4] and suscep-
tibility to chemicals.[5] Manipulating the 
polarity, therefore, is a fertile playground 
for discovering novel device concepts 
in form of heteropolar junctions, such 
as nonlinear optical devices,[3,4,6] polar 
discontinuity devices,[7] and high-perfor-
mance GaN high-electron-mobility transis-
tors (HEMT).[8] Particularly, a number of 

The performance of nitride devices is strongly affected by their polarity. 
Understanding the polarity determination and evolution mechanism of polar 
wurtzite nitrides on nonpolar substrates is therefore critically important. 
This work confirms that the polarity of AlN on sapphire prepared by metal–
organic chemical vapor deposition is not inherited from the nitrides/sapphire 
interface as widely accepted, instead, experiences a spontaneous polarity 
inversion during the growth. It is found that at the initial growth stage, 
the interface favors the nitrogen-polarity, rather than the widely accepted 
metal-polarity or randomly coexisting. However, the polarity subsequently 
converts into the metal-polar situation, at first locally then expanding into 
the whole area, driven by the anisotropy of surface energies, which results in 
universally existing inherent inverse grain boundaries. Furthermore, vertical 
two-dimensional electron accumulation originating from the lattice symmetry 
breaking at the inverse grain boundary is first revealed. This work identi-
fies another cause of high-density defects in nitride epilayers, besides lattice 
mismatch induced dislocations. These findings also offer new insights into 
atomic structure and determination mechanism of polarity in nitrides, pro-
viding clues for its manipulation toward the novel hetero-polarity devices.
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record results of GaN-based HEMT devices have been reported 
only from the N-polar GaN.[8]

The polarity of the nitride epilayer, intuitively, should 
be governed by the initial state of the hetero-interface during 
the epitaxial growth, implying that the nitride epilayer should 
have a well-defined polarity. However, the exact atomic arrange-
ments of nitrides/sapphire interface and buffer layer remain 
unclear. The challenges partly arise from the peculiarity of 
the surface structure of the sapphire substrate. As known, 
the atomic coordination types for sapphire (R3c ) and nitrides 
(P63mc) are completely different. Except for the pseudo-
hexagonal oxygen sublattice that possesses a sixfold hexagonal 
structure, the symmetry of Al2O3 is often observed as a three-
fold triclinic structure.[9] In this case, the (0001) “pseudo-plane” 
Al3+ cations lie on two distinct (0001) planes,[9a] which makes 
the analysis of the nitrides/sapphire interface extremely com-
plicated. In reality, the polarity of epitaxial nitrides on the non-
polar sapphire surface has been found to exhibit metal-polar,[10] 
nitrogen-polar,[11] even mixed-polar in some cases,[12] indi-
cating that the heterointerface is not the sole factor in deter-
mining the polarity. It has been found the polarity of nitrides 
may undergo a process of inversion, by introducing foreign 
atoms during the process of epitaxy away from the nitrides/
sapphire interface, such as O-doping,[13] a bi-layer of Al,[10] 
heavy Mg-doping, or III–V ratio.[14] A number of mechanisms 
have been speculated accordingly: 1) the pseudobinary Al2O3-
AlN system,[13] 2) stacking faults.[10] Unfortunately, most of the 
previous conclusions are speculative based on the characteriza-
tion (e.g., wet etching[15] or convergent beam electron diffrac-
tion[16]) of the epilayer near the surface, however, far away from 
the substrate–epilayer interface. Therefore, atomic evidence 
and the polarity evolution process are largely absent. Liu et al. 
attempted to explain the polarity evolution by providing direct 
experimental evidence of scanning transmission electron 
microscopy (STEM). However, the Z-contrast STEM image 
there was too blurry to identify the polarity at the sapphire/AlN 
interface.[16a] Furthermore, the information on the initial stage 
of growth and the microscopic scale structural information of 
the inversion is largely lacking. To unambiguously understand 
the underlying mechanism that causes the polarity inversion 
and that determines the polarity of the epilayer, logically, a 
few basic questions should be answered: 1) What is the initial 
polarity of the growth starting from the substrate, nitrogen-
polar, metal-polar, or randomly mixed of the two? 2) What is 
the role of the atomistic structure of the substrate? 3) Will the 
polarity inversion still exist if no doping is involved? 4) How 
and why is an IDB formed? Unambiguous answers to these 
questions will lead to the answers to the ultimate questions: 
why do the nitride epilayers prepared by metal–organic chem-
ical vapor deposition (MOCVD) mostly end up in the highly 
identical metal-polar?[5a] and how to, at least in principle, con-
trol the polarity of nitrides? This work explicitly addresses 
these questions for the first time.

In this work, the atomic structure and the growth process 
of the nitride buffer layer are revealed at the atomic scale. 
We observe that at the initial growth stage, the heterointer-
face favors the nitrogen-polarity, which is contradicted to the 
widely accepted metal-polarity. However, during the subsequent 
growth, because of the variation in the step height of the sap-
phire substrate (originating from the (0001) “pseudo-plane” 
Al3+ cations), lateral Inversion Domain Boundaries (IDBs) form 
when the domains coalesce. Thereafter, because of the growth 
rate disparity of the two phases, the metal-polar gradually domi-
nates over the nitrogen-polar, at first locally then expanding into 
the whole area. Therefore, polarity switching is a spontaneous 
process without the need of incorporating any foreign atoms. 
The atomic structure of lattice inversion boundary is identified 
by atomic-scale direct observation and theoretical calculation, 
i.e., the polarity inversion happens at (10–10) r-face through a 
boundary with eightfold and fourfold coordinated bonds, not 
the commonly expected (0001) c-face. Furthermore, the driving 
force of such a polarity inversion is also clarified. These find-
ings advance the current understanding of polarity determina-
tion and also lay the theoretical foundation for designing novel 
hetero-polarity devices.

2. Results and Discussion

2.1. Characterization of the Polarity of AlN Epilayer

To clarify the process of polarity selection, an AlN layer was 
grown on the nitridated sapphire substrate using an AlN 
buffer layer method. The atomically resolved STEM high angle 
annular dark-field (HAADF) images of the nitrides either at or 
far from the nitride/sapphire interface with a view direction 
of [11–20] reveal the totally different polarities: N-polar at the 
heterointerface (Figure 1a), but Al-polarity near the top surface 
of the nitride film (Figure 1b). The polarity preserves till as far 
as the surface of the epitaxy layer, as confirmed by the V-pits 
morphology after wet-etching (Figure 1c).[17] Therefore, it is rea-
sonable to speculate that stacking faults and/or inverse domain 
boundaries are generated during the process of the nitride 
growth.

2.2. The Atomic-Scale Growth Processes at the Nitride/Sapphire 
Interface

Firstly, the possible initial growth states, i.e., sapphire nitrida-
tion and AlN buffer layer deposition, are simulated by density 
functional theory (DFT) calculations. Typically, the epitaxial 
layer inherits the crystallinity from the substrate. However, it 
is not the case for the nitrides grown on sapphire. The stacking 
order of sapphire along the pseudohexagonal c-axis is R-AlAlO3-
AlAlO3-R, where R represents the continuing sequence in 
the bulk. The most stable surface is a single Al layer termina-
tion that has the same stoichiometry as the bulk,[18] as shown 
in Figure 2a, in which the low-site Al and high-site Al are 
exhibited.[9a] Four possible interfacial configurations are shown 
in Figure 2b–e. We find that nitrogen-polar configuration-1 
(Figure 2b) with an adsorption energy of ≈−3.8 eV is the most 
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stable configuration (Table S1, Supporting Information), which 
corresponds to the process of sapphire nitridation, and the fol-
lowing cation Al layer bonding with such adsorped N atoms 
(Figure 3g–h) will serve as the interfacial layer for the further 
epitaxial growth of AlN.

The X-ray photoelectron spectroscopy (XPS) spectra of the 
nitridated sapphire (Figure 2f–g), further support the above 
conclusion. The spectra exhibit distinct N1s and Al2p core-level 
photoelectron peaks, indicating that nitrogen is bonded to the 
sapphire surface and the Al–N bonds are formed.

2.3. Characterization of the AlN/Sapphire Interface

The atomically resolved HAADF image of the nitride/
sapphire interface with a view direction of AlN [10–10] is 
shown in Figure 3a. The lattice-misfit, as expected, is observed 
by the Inversed Fast Fourier Transform (IFFT) algorithm 
image (Figure 3b), which is obtained from the in-plane Bragg 
reflections as shown in the pair of blue circles in the inset 
of Figure 3b. There are a few interesting features. First, the 
high-Al sites are occupied by an additional layer of Al atoms 

Small 2022, 18, 2200057

Figure 1.  Characterization of the polarity of AlN epi-layer: a) A cross-sectional HAADF image taken at the AlN/sapphire interface along the AlN[11–20] 
direction. The nitrides lattice exhibits N-polar. b) A cross-sectional HAADF image taken near the top surface of the AlN epilayer along the AlN [11–20] 
direction, where the stacking order of the nitrides has converted into Al-polar. The violet, blue, and cyan balls represent Al, N, and O atoms, respectively. 
c) Surface morphology of KOH etched AlN surface. The hexagonal V-pits indicate metal polarity.

Figure 2.  First-principles calculations of the abortion of incoming atoms on the sapphire surface: a) The atomic arrangement and stacking order of 
sapphire. b) Configuration-1, nitrogen atoms bonded to the low-Al with a nitrogen polar ordering. c) Configuration-2, nitrogen atoms bonded to the 
low-Al with an aluminum polar ordering. d) Aluminum atoms bonded to the high-Al site. e) Nitrogen atoms bonded to the low-Al after the high-Al 
occupation. Cyan ball: oxygen. Violet ball: aluminum. Blue ball: nitrogen. White ball: vacancy of Al. f) C1s XPS spectra of the sapphire surface before 
and after the nitridation process. g) The spectra of Al 2p peak showing the formation of the Al-N bond.
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(Figure S1, Supporting Information). Second, we observe 
atomic steps at the interface (Figure 3a), which exhibit a peri-
odical zigzag feature, resulting in a bigger average d-spacing 
of c-planes (Figure 3c). After only—two to three monolayers, 
it nearly relaxes to the standard bulk AlN structure and such 
zigzag feature vanishes. We suggest that the periodical zigzag 
is originated from the pseudohexagonal lattice of sapphire, in 
which Al atoms lie in different c-planes (Figures 2a and 3a). 
The formation mechanism of such special structure will be 
investigated by DFT calculations below.

Based on the above-mentioned experimental observation, 
Figure 3d–h shows the step-by-step growth process of the 
nitride buffer layer from the DFT simulations. First, starting 
from the sapphire substrate (Figure 3d), the arriving nitrogen 
atoms bind to the low-site Al, corresponding to the process of 
sapphire nitridation (Figure 3e) in the typical nitrogen-rich con-
dition. Subsequently, the role of low temperature is to create a 
metal-rich condition corresponding to the process of forming 
the buffer layer. It promotes the binding of incoming Al 
atoms simultaneously to the top surface oxygen and nitrogen 

atoms (Figure 3f–g), even though they have different adsorp-
tion energies (Table S2, Supporting Information). This model 
is consistent with the STEM image (Figure S1, Supporting 
Information). Otherwise, incomplete coverage of the Al atomic 
layer will introduce additional stress and defects. Then, the 
atomic stacking continues in the sequence of the standard 
N-polar nitride structure (Figure 3f), which is also confirmed 
by HAADF images of nitrides/sapphire interface (Figure 1a).

As shown in Figure 3h, the first interfacial Al layer of AlN 
is not perfectly planar or atomically flat but exhibits a step-like 
feature. The special zigzag atomic arrangement enlarges the 
average d-spacing of c-planes at the interface, which results 
in the shrinking of the in-plane lattice and provides an addi-
tional factor to accommodate the interfacial mismatch. In addi-
tion, the first few Al-N monolayers at the interface also act as a 
crystal structure transition region, specifically a transition from 
a triclinic system to a hexagonal one, after which the zigzag 
structure vanishes. Furthermore, such step-like feature also 
acts as the driving force for polarity inversion, which will be 
discussed in the following section.

Small 2022, 18, 2200057

Figure 3.  Atomic structure of the AlN/sapphire interface: a) A cross-sectional HAADF image taken at the interface of the AlN/sapphire interface along 
AlN [10–10] direction. Atomic steps and a periodic zigzag structure are seen at the interface, showing the misfit dislocation arrays. b) IFFT image of 
the interface between nitrides and sapphire. The inset pattern in (b) is obtained via Fast Fourier Transform of (a). c) The d-spacing of the c-planes 
of the AlN layer adjacent to the interface based on quantitative measurements. The first Al-N layer exhibits the biggest d-spacing of c planes due to 
the lattice mismatch and peculiar atomic coordination of Al atoms in sapphire, which results in the shrinking of the in-plane lattice. The atomic-scale 
growth processes at the nitride/sapphire interface: d) The atomic configuration of a primitive sapphire surface, in which the low-Al sites are occupied. 
e) Binding of the arriving nitrogen atoms to the low-site Al, corresponding to the process of sapphire nitridation. f) The occupation of the high-Al sites. 
g) The formation of the growth front for the nitride at the AlN/sapphire interface. h) The growth evolves to the normal nitride mode gradually. Cyan 
ball: oxygen. Violet ball: aluminum. Blue ball: nitrogen. White ball: vacancy of Al. The atomic models are observed along [1–210] of sapphire.
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2.4. Characterization and Identification of Inversion Domain 
Boundary

As illustrated above, the initial state of nitride growth leads to 
a N-polar nitride epilayer. However, most of the nitride layers 
grown by MOCVD finally exhibit metal-polarity, which implies 
that a polarity change associated withthe formation of inver-
sion domain boundary (IDB) happens during the growth. 
Integrated Differential Phase Contrast (iDPC) can show the 
light atoms better when they coexist with other heavier atoms, 
therefore we use iDPC to depict the interface bonding func-
tions and the structure of the polarity inversion boundary. As 
shown in Figure 4a–c, indicated by a clearly observed inverse 
domain boundary in (10–10) face (between the blue dash lines 

in Figure 4a), the polarity inversion occurs gradually at (10–10) 
face, as opposed to the commonly believed (0001) face.[13]

Based on the STEM observations, two types of atomic 
models defined as IDB-1 and IDB-2 are considered as shown in 
Figure S2a,b (Supporting Information).[19] Another two natural 
choices associated with polarity inversion are stacking faults 
in the (0001) c-plane, which are referred to as bi-layer nitrogen 
or metal (Al) monolayer. We denote them as IDB-3 and IDB-4 
(Figure S2c,d, Supporting Information). We find IDB-1 with 
formation energy −0.24 eV Å−2 is the most stable configuration 
(Table S3, Supporting Information). The reason for this lies in 
the fact that IDB-2, which can be obtained by translating one 
side of IDB-1 along the c-axis by c/2, contains both Al–Al and 
N–N bonds at the boundary. Such wrong bonds increase the 

Small 2022, 18, 2200057

Figure 4.  The cross-sectional STEM images of AlN alone AlN [11–20] direction and the atomic arrangements for IDBs: a) Atom-resolved-iDPC image 
taken at the lattice inversion area, showing that the lattice inversion occurs at (10–10) with a step-like morphology. b) Al-polar and c) N-polar AlN lattice 
on different sides of the inverse domain boundary, the corresponding ball and stick model is superimposed on the image. d) The detailed structure of 
the upper part of the inverse domain boundary is shown by superimposing atomic models on the iDPC image. The eightfold and fourfold coordinated 
bonds appear at the boundary. The atomic coordinate is coincident with that of IDB-1. e) The detailed structure of the lower part of the inverse domain 
boundary, indicating the overlap of Al-polar and N-polar regions. The green and yellow balls represent the Al atoms in adjacent (11–20) face, which lies 
in the different side of an inverse domain boundary. f) Plane-averaged electrostatic potential profile (blue) V(z) and total charge density (red) ρ(z) along 
the [10–10] direction in IDB. g) Differential charge density at the IDB. Yellow color indicates electron accumulation and cyan color indicates electron 
depletion. An obvious electron depletion can be observed at the polar inversion interface. Therefore, the net the positive sheet charge is produced. It 
is consisted with the result of total charge density (red) ρ(z) in f).
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total energy and thereby reduce the stability of the system. As 
shown in Figure 4d, the appearance of the eightfold and four-
fold coordinated bonds at the boundary provides direct evi-
dence that the polarity inversion is realized via IDB-1. Further-
more, a series of peculiar triangle patterns are clearly shown at 
the lower part of the boundary (Figure 4e), which are attributed 
to the overlap of nitrogen atoms from different sides of IDB-1, 
i.e., N-polar and Al-polar regions and results in a defective tran-
sition region. This observation again proves our model based 
on the theoretical and experimental results. The identifica-
tion of IDB-1 is further confirmed by the breaking of transla-
tion symmetry of hexagonal lattice at the domain boundary. As 
shown in Figure S2a (Supporting Information), IDB-1 induces 
a mirror-like image domain at the boundary, which agrees with 
the experimental results (Figure 4b,c). While on the contrary, 
IDB-2 keeps the translation-like symmetry across the domain 
boundary.

The atomic arrangements of IDB-3 and IDB-4 are similar to 
that of IDB-2, thereby not energetically favorable. Another pos-
sible configuration (IDB-5) is also considered and proven to be 
unstable (Figure S2e, Supporting Information). This means 
that such configuration is only plausible when considering 
the participation of foreign atoms such as oxygen, which has 
been demonstrated previously.[13,20] It is interesting to note that 
one more possible configuration IDB-6 leads to the metal-to-
nitrogen polarity inversion (Figure S2f, Supporting Informa-
tion). And the formation of energy is ≈−0.22 eV  Å−2. The dif-
ference between IDB-5 and IDB-6 can be understood from the 
perspective of orbital hybridization. As known, besides typical 
sp3 hybridization (tetrahedron),[21] Al atoms can also exhibit 
sp3d2-like hybridization (octahedral), as in the case of Al2O3,[22] 
in which each Al atom bonds to six O atoms.[23] Therefore, as 
Al atoms serving an interlayer (IDB-6), they can bond with six 
N atoms lying on both sides of the boundary and form a stable 
configuration. It can also explain during the process of sap-
phire nitridation, why the incoming N atoms prefer forming 
3N-Al unit with configuration-1 (Figure 2b, N-polar), instead of 
N-Al unit with Configuration-2 (Figure 2c, Ga-polar). In sum-
mary, without the participation of foreign atoms, IDB-1 is the 
energetically most favorable one.

Since the IDB-1 structure is located on the (10–10) plane, it 
is instructive to compare the formation energy of the boundary 
with that of the (10–10) plane in bulk nitrides. Not surprisingly, 
we find lattice inversion is an energy-gaining process (Table S3, 
Supporting Information). In this case, however, another factor 
should also be considered. Based on the previous calculation 
results, the (0001) face of nitrides is about 0.2 eV Å−2 lower in 
energy than (000–1) surface in the metal-rich atmosphere,[2] 
which is typical for MOCVD. Therefore, the energy cost of 
forming IDB can be compensated by the polarity exchange of 
the growth front and the formation of IDB turns out to be ener-
getically favorable.

Another driving force for the polarity inversion is coming 
from the (0001) “pseudo-plane” of sapphire substrates with 
both high-site and low-site of Al3+ cations. The lattice of the fol-
lowing nitride nuclei gets the atomic registry from the substrate 
and exhibits N-polarity, however, different heights (Figure 3a,h). 
When the isolated islands meet during the subsequent coa-
lesce process, bonds will be misaligned, thus, resulting in the 

IDB, specifically IDB-1 with the lowest formation energy on the 
(10–10) plane.

Together with Figure 1a, the polarity selection and evolu-
tion process can be described as follows: The nitride grown 
on sapphire tends to be N-polar initially determined by 
the atomic configuration of the sapphire surface shown in 
Figure 1a. However, N polarity cannot be maintained under 
the standard MOCVD growth condition. Considering the 
typical layer by layer growth mode, the nitride epilayer subse-
quently transfers to metal-polar with lower surface energy in 
some local areas by the formation of a low-energy IDB at the 
(10–10) plane (Figure S3a–c, Supporting Information). There-
fore, the polarity inversion occurs horizontally, not vertically. 
Now, with the readily formed mixed polarity growth front, the 
(000–1) facet with a slower growth rate will be covered gradu-
ally due to the passivation of hydrogen atoms, and difference 
in surface energy.[24] As shown in Figure S3a–c (Supporting 
Information), the N-polar area grows narrower as the thick-
ness increases and vanishes at around 100 nm away from 
the sapphire substrate. Figure S3d–g (Supporting Informa-
tion) shows the atomic resolution HAADF images at selected 
locations (labeled with blue numbers) on the polarity IDBs 
in Figure S3b (Supporting Information), from which we can 
clearly see the inversion process.

Electron energy loss spectra (EELS) across the polarity inver-
sion area clearly show no oxygen accumulation at the inversion 
boundary, which rules out the possibility of oxygen participa-
tion in the lattice inversion process in our sample (Figure S4, 
Supporting Information).

The plane-averaged electrostatic potential profile and the 
average charge are computed in a supercell containing an 
IDB-1 (Figure 4f). Integration of the charge density around the 
boundary gives a net sheet charge of 1.9  ×  1012 cm−2, which is 
comparable with that at the interface of Al0.15Ga0.85N/GaN het-
erojunction.[25] To understand the formation mechanism, the  
differential charge density and charge transfer calculations at the 
polar-inversion interface is performed. As shown in Figure 4g,  
the breaking of lattice symmetry at the Al-polar/N-polar inter-
face leads to the redistribution of valence electrons.[6e] As a 
result, an obvious electron depletion can be observed, and 
a positive sheet charge is formed. Free electrons will tend to 
compensate for the polarity-inversion induced sheet charge at 
the abrupt polarity-inversion interface (Figure 4a), resulting in 
the accumulation of two-dimensional (2D) electrons. With this 
understanding, we emphasize that the formation mechanism 
of the electron accumulation in the current system is distinctly 
different from that in GaAs/AlGaAs (modulation doping)[26] or 
GaN/AlGaN (polarization effect) heterojunction.[25] It provides 
an interesting possibility for novel device applications with a 
vertical 2D conductive channel. In the meantime, it may also 
act as a leakage channel or shunt and deteriorate the break-
down performance of high-power (Schottky diodes) and high 
frequency (HEMT) nitride devices.[27]

We would like to point out that the stacking order of nitrides 
is affected by many factors, including V/III ratio, temperature, 
and nitridation process, besides the atomic configuration of the 
interface and MOCVD atmosphere. For example, the participa-
tion of foreign species, such as oxygen incorporation[13,20b] and 
substantial nitrogen in sapphire,[28] may result in an intricate 
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system thus affecting the polarity in a more complicated 
manner, which requires further systematic study to clarify their 
effects on the polarity control.

3. Conclusion

To conclude, the mechanism of polarity selection and evolu-
tion in group-III nitrides on a nonpolar sapphire substrate 
is first established. We have shown that the nitrides grown 
on sapphire tend to be N-polar initially, which is contrary 
to the common belief of metal-polarity at the initial state. It 
subsequently transfers to metal-polar in local areas by the 
formation of a low-energy IDB at the (10–10) plane. Further 
growth eventually leads to the full conversion to the metal-
polar. It is an inherent and spontaneous process and does 
not need the participation of foreign atoms. We find, besides 
lattice mismatch, the universal existence of IDBs should be 
another cause of high-density defects in nitride epilayers on 
nonpolar sapphire substrates prepared by MOCVD. The sym-
metry of sapphire substrate and typical metal-rich condition 
of MOCVD, which favors the growth of metal-polarity, plays a 
crucial role in this process. Based on direct observations and 
theoretical calculations, the atomic structure leading to the 
polarity inversion from nitrogen-polarity to metal-polarity is 
first identified. Furthermore, a novel vertical 2D electron accu-
mulation is revealed at the polarity inversion interface. We 
point out that such 2D electron accumulation comes from the 
breaking of lattice symmetry at the polar inversion interface, 
which is distinctly different from the well-known two-dimen-
sional electron gas systems. All these findings provide valu-
able insights into the kinetic process and atomic arrangement 
at the nitrides/sapphire heterointerface. More importantly, 
it points to a direction for polarity manipulation and hetero-
polarity device design.

4. Experimental Section
MOCVD Growth: The epitaxy of AlN film was grown by a home-

made MOCVD system. During the growth process of nitride films, 
trimethylaluminum (TMAl) and ammonia (NH3) were adopted as 
Al and N precursors. Hydrogen (H2) acted as the carrier gas during 
the growth process. A typical two-step method was adopted for 
AlN growth. First, sapphire was nitridated by NH3 flow of 4 slm at 
1200 °C for 5 min. Then, a thin AlN buffer layer was deposited onto 
the nitridated surface at a relatively low temperature, with a III–V ratio 
of 10220 (650 °C). After a high-temperature annealing process, an AlN 
layer was grown at 1200 °C for 1 h, with a III–V ratio of 5000. The entire 
epilayer was not intentionally doped. The thickness of AlN layer is 
1.2 µm, with a 10 nm buffer layer.

Characterization: The as-grown epitaxial layer was characterized 
by XPS (PHI VersaProbe III; operated at 4.4 kV). To obtain the atomic 
resolution image, aberration-corrected STEM with iDPC and HAADF 
mode (Titan Cubed Themis G2 300, USA, operated at 300 kV) were 
used. The STEM convergence semi-angle was 30 mrad and the collection 
semi-angles were 39–200 mrad for HAADF mode and 4–21 mrad for 
iDPC mode. It should be noted that the iDPC images had an advantage 
for characterizing light atoms (such as N and O atoms in our case). The 
atom positions were depicted using a double Gaussion method,[29] as 
shown in Figure S5 (Supporting Information). The STEM sample was 
prepared by a focused ion beam (FIB) system, mechanical polishing, 

and Precision Ion Polishing System (Model 691, Gatan Inc., operated at 
3.5 kV). The atomistic models were generated by VESTA.

First-Principles Calculations: The first-principles calculations within 
DFT were performed using the Vienna Ab initio Simulation Package 
(VASP). The projector augmented wave pseudopotential and the 
generalized gradient approximation of Perdew–Burke–Ernzerhof (PBE) 
were adopted for the exchange-correlation function. The cutoff energy 
was chosen to be 350 eV and full structural optimization was performed 
until atomic forces were <0.02 eV Å−1.

The adsorption of Al and N adatoms on sapphire was modeled using 
one adatom in a 1 × 1 × 1 Al2O3 supercell (18 O atoms and 12 Al atoms). 
The adsorption energy is defined as ΔE  =   − (Eag − μa − Eg), where Eag 
is the total energy adatom and the substrate, Eg is the total energy of the 
isolated sapphire substrate, and μa is the chemical potential of Al or N 
atom.

The polarity inversion was modeled by a supercell with a domain 
boundary. IBD-1 was constructed with fourfold and eightfold rings of 
bonds at the boundary. IBD-2 was built by translating one side of an 
IDB-1 by c/2 along the [0001] direction. As illustrated in Figure 4e, in 
IBD-2 the Ga and N atoms were interchanged as one crossed the (10–10) 
plane, which resulted in the polarity inversion. IDB-3 was a bi-nitrogen 
stacking fault lying on AlN (0001) plane, and IDB-4 was a bi-aluminum 
stacking fault. IDB-5 and IDB-6 were formed by Ga-N bonds, in which 
nitrogen or aluminum monolayer acted as the interlayer.

To compute the electrical properties of the Al-polar/N-polar interface 
and reveal the formation mechanism of 2D electron accumulation, we 
constructed a structure with a 1 × 2 × 12 Al-polar supercell and a 1 × 
2 × 12 N-polar supercell, stacking alone [10–10] direction. The domain 
boundary was constructed with IBD-1. The average electric field inside 

the structure = − ∂
∂







E(z)
V(z)

z
, the average charge z

z
z

ρ ε= − ∂
∂







( )
V( )2

2  

were computed from the total electrostatic potential of the structure.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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