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ABSTRACT

The atomic structure of the GaN oxidation front formed by oxide deposition followed by annealing was analyzed using atomic-resolution
transmission electron microscopy and first-principles calculations. The oxidation front displays a terrace-step morphology, with atomically
flat terraces and GaN monolayer steps. Our analysis clearly demonstrates that oxidation produces an epitaxial Ga oxide layer atop GaN.
Furthermore, interfacial Ga atoms are situated near stacking fault positions of the underlying GaN lattice, forming dislocation-like structures
at interface steps. These structural imperfections are expected to introduce states within the bandgap, offering insights into strategies for
improving the electronic properties of GaN-based metal-oxide-semiconductor interfaces.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0274521

Metal-oxide-semiconductor field-effect transistors (MOSFETS)
are foundational to modern electronics due to their high efficiency, fast
switching speeds, and low power consumption. A critical factor in
MOSFET performance is the nature of the oxide/semiconductor inter-
face, as electrically active defects at or near this interface degrade key
device characteristics, including carrier transport and threshold voltage
stability.”* In silicon-based technology, the structure and oxidation
dynamics of the SiO,/Si interface have been extensively studied both
theoretically and experimentally, revealing atomic-scale insights into
interfacial structure and defect formation.”

In the development of GaN-based MOSFETS, significant atten-
tion has been directed toward electrically active states—commonly
referred to as interface states—at or near the oxide/GaN (0001) inter-
face, which critically influence channel mobility and threshold voltage
stability. These interface states have been detected within the funda-
mental bandgap at MOS interfaces formed with various oxides,””
including Ga,03,”"" AL,03," " Si0,,"* " and ALSi;_,O (AISiO)."***
Recent studies indicate that interface states near the conduction band
edge can be significantly suppressed through optimized fabrication
conditions.'>'”'® However, states near the valence band edge remain
problematic,” and their origin—whether stemming from intrinsic

defects, impurities, or their complexes—remains poorly understood.
Structural defects at the oxide/GaN interface and oxygen vacancies
within the oxide layer have been proposed as primary sources of these
states,”*'>'"*"** and Mg doping has been shown to passivate such
defects.””

In a standard GaN-MOS fabrication process, an oxide layer is
deposited on the GaN surface under an oxidizing atmosphere and sub-
sequently annealed in O, or N, ambient at temperatures ranging from
300 to 1050°C—a process referred to as post-deposition annealing
(PDA). During this treatment, the GaN surface undergoes inevitable
oxidation, forming a nanometer-thick Ga oxide interlayer between the
deposited oxide and GaN substrate.''” To address interface state for-
mation, it is essential to first elucidate the atomic-scale structure of the
GaN oxidation front. Our previous theoretical work suggested that a
crystalline Ga oxide atomic layer can form on the GaN surface during
oxidation.”* Experimental studies have reported on the Ga oxide/GaN
structure””>*® and an atomically abrupt interface has been observed
for GaN (0001) surfaces oxidized below 800 °C.”” Nonetheless, the pre-
cise atomic configuration of this interface has not yet been clarified.

Here, we report the atomic structure of the oxidation front of
GaN (0001) formed during a standard GaN-MOS fabrication process,
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as revealed by atomic-resolution transmission electron microscopy
(TEM). Our experimental observations, in conjunction with first-
principles calculations on the Ga oxide/GaN interface,”* clearly dem-
onstrate the formation of an epitaxial Ga oxide atomic layer directly
atop the GaN substrate. The Ga atoms at the interface exhibit preferen-
tial octahedral coordination with six oxygen atoms. Furthermore, we
provide direct evidence that the Ga oxide/GaN interface is composed
of atomically flat terraces interspersed with monolayer-height steps
corresponding to GaN (0001) lattice spacing. The Ga-O coordination
at these steps induces dislocation-like structures, which may act as
intrinsic defects contributing to interface states.

The analyzed Ga oxide/GaN interface was formed within an
AlSiO/GaN structure fabricated via a standard GaN-MOS process.
The AISiO layer was deposited using plasma-enhanced atomic layer
deposition (PEALD) at 250°C onto a free-standing GaN substrate.
The substrate surface comprised a 1-um-thick Mg-doped p-type GaN
layer (Mg concentration: 1x 10" cm™>) grown by metal-organic
vapor phase epitaxy (MOVPE). Prior to AISiO deposition, the GaN
surface was chemically cleaned using sulfuric and hydrochloric acid
solutions, followed by treatment with diluted hydrofluoric acid. The
deposited AlSiO film was 40 nm thick with a Si/(Si + Al) atomic ratio
of 21%. PDA was conducted at 700 °C for 60 min in an N, atmosphere
at 400 MPa.”® Notably, high-pressure N, annealing is known to reduce
interface state density more effectively than annealing at atmospheric
pressure. The electrical characteristics of MOSFETs fabricated using
similar conditions are detailed in our previous report (sample #1)."”

Atomic-resolution imaging was conducted using high-angle
annular dark-field scanning TEM (HAADF-STEM) at an acceleration
voltage of 200kV, with a spherical aberration coefficient below 1 um.
The inner and outer detector angles were 50 and 150 mrad, respec-
tively. Cross-sectional TEM specimens were prepared by mechanical
thinning followed by Ar-ion milling, including a final low-energy
(500eV) Ar-ion treatment to minimize ion-beam-induced artifacts.
Specimen thickness ranged from 10 to 15 nm.””"

HAADEF-STEM image simulations were performed using a multi-
slice algorithm, based on atomic models generated from first-
principles calculations. The amorphous Ga oxide layer on GaN was
modeled via a melt-quench molecular dynamics (MD) approach, fol-
lowed by structural optimization within the generalized gradient
approximation.”’ Four structurally dlstlnct amorphous models (A-D)
were created by varying MD conditions,”* reflecting the structural vari-
ability of Ga oxide under different oxidation environments.
Nonetheless, in all models, most of the interfacial Ga atom forms
bonds with six neighboring O atoms in a nearly octahedral configura-
tion, a common feature across the simulated Ga oxide/GaN interfaces.
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A representative cross-sectional HAADF-STEM image is shown
in Fig. 1. The incident beam direction is (1120). In the lower region,
Ga atoms appear as bright spots. Under the current imaging condi-
tions, N and O atoms are not visible. The upper dark region corre-
sponds to the amorphous AlSiO layer. The step between atomically
flat terraces on the left and right sides represents the height of a GaN
monolayer. The lateral width of flat regions is typically less than
10nm. Across all observations, the oxide/GaN interface consistently
exhibits a terrace-step morphology comprising atomically flat terraces
and monolayer-height steps.

To quantitatively evaluate lattice spacing at the interface, we ana-
lyzed the (0001) Ga lattice planes in atomically flat regions. Figure 2(a)
shows a magnified HAADF-STEM image, and Fig. 2(b) presents the
corresponding image intensity profile in the depth (c-axis) direction,
averaged over 2 nm parallel to the interface. Intensity peaks denote Ga
lattice planes. Gaussian fits to these peaks [Fig. 2(c)] were used to
determine Ga-plane positions, from which lattice spacings were
extracted [Fig. 2(d)]. Spacings S;-S¢ are nearly constant, representing
the bulk GaN (0001) lattice with an average value of 0.26 nm.”
Minor fluctuations are attributed to experimental noise. Notably, spac-
ing Sy—between planes 0 and 1—measures 0.29 nm, ~12% larger than
S1-Se. Across ten measurements, Sy averaged 0.29 * 0.01 nm. The reg-
ular contrast of bright spots in Ga-plane 0 indicates a periodic atomic
arrangement of Ga atoms, while the enlarged S, suggests a distinct
structural configuration from bulk GaN.

To interpret this anomalous expansion, HAADF-STEM image
simulations were performed using the theoretical Ga oxide/GaN struc-
tures from a previous study.”* Figure 3(a) displays a simulated image
for model A, with its intensity profile shown in Fig. 3(b). The triangles
along the horizontal axis indicate the averaged positions of Ga atoms
in the (0001) direction for each atomic plane, marking the locations of
corresponding Ga atomic layers. Image simulations of all interface
structures confirm that the peak positions in the intensity profiles align
with the Ga atomic planes, verifying that the spacing between intensity
peaks in the experimental images directly corresponds to Ga-plane
spacing.

Table I presents the values of spacing Sy and the average of S;-Ss
for both theoretical models and experimental measurements. In all
theoretical structures, Sy ranges from 0.29 to 0.30 nm and exceeds the
average of S;-Ss by approximately 12%-15%. This expansion arises
from the insertion of O atoms between Ga planes 0 and 1, which sta-
bilizes the structure through the formation of a Ga-O-Ga bond net-
work. This structural feature observed in theoretical models is
consistent with the experimental images shown in Fig. 2. Therefore, we
conclude that the experimentally observed expansion of the spacing

FIG. 1. HAADF-STEM cross-sectional
image of oxide/GaN interface. Bright dots
show Ga atomic positions. GaN mono-
layer interface step is indicated in the fig-
ure. Terrace-step structure was observed
at interface.
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FIG. 2. (a) Close up of interface. Ga atomic planes are denoted from 0 to 7. (b)
Image intensity distribution in (a). Horizontal axis in (b) is shown at same scale as
micrograph. (c) Gaussian curves fitted to peaks in (b). Centers of Gaussian curves
are used as positions of peaks of image intensity. Spacing between peaks 0 and 1
is denoted as Sy. (d) Lattice spacings in (c). Sy is significantly larger than S;—S.

between Ga planes 0 and 1 results from the presence of interstitial O
atoms.

Further HAADF-STEM analysis reveals that Ga atoms in the
interfacial Ga oxide layer occupy stacking fault positions relative to the
underlying GaN lattice. This displacement arises from the nearly octa-
hedral Ga-O coordination at the interface. Figure 4 illustrates a dis-
tinct atomically flat interface region, corroborating the structural
features described above. Wurtzite GaN exhibits ABAB stacking along
the (0001) direction, as illustrated in Fig. 4; the Ga atoms in Ga planes
1-7 occupy the A or B stacking positions. In contrast, the Ga atoms in
Ga-plane 0 deviate from these positions and instead align with the

ARTICLE pubs.aip.org/aip/apl
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FIG. 3. (a) Simulated HAADF-STEM image of theoretical structure. Model A is used
for simulation, and atomic positions in model are indicated by balls. (b) Image inten-
sity distributions in simulated images of all theoretical structures. Triangles on hori-
zontal axis show Ga-plane positions of model A.

TABLE |. Lattice spacings in nanometer.

So S, and below
Experiment 0.29 0.26
Model A 0.30 0.26
B 0.30 0.26
C 0.29 0.26
D 0.29 0.26

&
~*
-
7

6
A BABABA

O

Ga plane: o
Stacking:

2

FIG. 4. Stacking fault between Ga oxide and GaN. Ga planes 1-6 show ABAB
stacking sequence of wurtzite GaN. Dashed lines indicate B stacking position. Ga
atoms of Ga-plane 0 are not at A or B stacking position. Schematic shows atomic
positions in model C, where all interfacial Ga atoms are close to stacking fault posi-
tion. Observed stacking positions of Ga atoms in Ga-plane 0 and in model C
match.
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configuration denoted as model C** (depicted by the overlaid atomic
model), in which all interfacial Ga atoms are octahedrally coordinated
with six O atoms and are located near the stacking fault position. Our
theoretical calculations show that interfacial Ga atoms with octahedral
Ga-O coordination do not occupy A or B sites but instead lie close to
the stacking fault position in wurtzite GaN, as shown in Figs. 4(a) and
4(b) of a previous study.”* The positions of interfacial Ga atoms in all
theoretically derived structures are provided in the supplementary
material. Notably, in these structures, 75% of the interface Ga atoms
are coordinated with six O atoms. Therefore, the atomic arrangement
observed in Fig. 4 provides experimental evidence for the theoretically
predicted formation of a stacking fault structure at the interface. In
contrast, Fig. 2(a) shows that the Ga atoms in Ga-plane 0 occupy the
standard wurtzite stacking position. These findings collectively indicate
that interfacial Ga atoms adopt stacking fault positions in certain
regions of the interface, while in others they retain the wurtzite
configuration.

The presence of a stacking fault structure between the Ga oxide
layer and the GaN surface suggests that the interface step induces a
dislocation-like defect. Specifically, in a Ga (0001) plane containing an
interface step, one side of the step comprises GaN with wurtzite stacking
and the other, Ga oxide. When Ga oxide adopts a stacking fault posi-
tion, the step acts as a boundary between faulted and unfaulted (wurt-
zite) Ga atomic planes, resulting in a dislocation-like structure
characterized by a Burgers vector b=1/3 (1100). Such structural
defects at the interface are likely to produce dangling bonds that intro-
duce electronic states within the bandgap, acting as hole or electron
traps.”” Our prior theoretical work has demonstrated that an atomically
flat Ga oxide/GaN interface does not generate such defects.”* However,
the present results show that the Ga oxide/GaN interface comprises a
terrace-step structure, where atomically flat terraces are interspersed
with GaN monolayer steps that form dislocation-like structures. These
steps are therefore expected to introduce structural imperfections that
give rise to interface states. Prior studies have shown that the density of
interface states and the structure of the Ga oxide/GaN interface—such
as the thickness of the interfacial Ga oxide layer—vary with device fabri-
cation conditions.” This implies that the atomic structure of the inter-
face influences interface state density, which is consistent with our
findings. Nevertheless, the precise mechanism by which interface struc-
ture affects interface state density remains unresolved. Our results sug-
gest that controlling the formation of interfacial steps during device
processing could be a viable strategy for reducing interface state density
and enhancing device performance.

In the current experiment, image intensity peaks closer to the
interface were generally lower, as observed in Fig. 2. This can be par-
tially attributed to the geometry of the TEM specimens, which taper in
thickness from the GaN substrate toward the AlSiO side, resulting in
reduced image intensity near the AISiO/GaN interface. Specifically, the
peak intensity of Ga-plane 0 in the experimental image [Fig. 2(b)] was
lower than that in the simulated HAADF-STEM image [Fig. 3(b)],
likely due to experimental noise obscuring weak signals.

In summary, we have analyzed the atomic structure of the GaN
oxidation front formed during a standard MOS fabrication process
using atomic-resolution TEM combined with first-principles calcula-
tions. The oxidation front exhibits a terrace-step morphology, compris-
ing an atomically flat Ga oxide/GaN interface and GaN monolayer
steps. At the flat interface, an epitaxial Ga oxide layer is observed

pubs.aip.org/aip/apl

directly above GaN, and the interfacial Ga atoms locally occupy posi-
tions near the stacking fault of wurtzite GaN, suggesting that interface
steps give rise to dislocation-like defects. These interfacial steps are thus
likely to induce structural imperfections that lead to interface states.

See the supplementary material for details on the stacking posi-
tions of the Ga atoms of Ga-plane 0 (the interface Ga atomic plane of
the Ga oxide atomic layer).
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