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Abstract

The electronic states of surface oxidized nitride semiconductors (GaN, AlGaN and AIN)
are investigated by valence electron energy-loss spectroscopy. It is shown that the loss
of long-range atomic order in the surface oxide produces localized electronic states
below the surface states in the bandgap. Using an off-axis electron probe, the coupling
between local electronic states and localized states in the amorphous layers of GaN,
AlGaN and AIN are studied. Regarding the excitation of surface states under aloof
conditions via long-range electrostatic forces, the surface and the localized states are
independent of electron scattering vector. Interestingly, though the surface sub-bandgap
transitions are directionally forbidden, localized states show dispersion due to states
coupling between bulk electronic states and localized states. These findings challenge
the conventional model of built-in potential barriers at surface oxides and should be

useful in understanding the local electrical properties of nano-scale structures.

Nitride semiconductors (GaN, AIN, InN) serve as cornerstone materials for high-
efficiency light emitting devices (LEDs) and high-power electronic devices. However,
their heteroepitaxial growth on conventional substrates inevitably introduces defects
due to inherent material property disparities in lattice parameters, elastic constants,
thermal expansion coefficients, and growth temperatures. These defects can persist
even in strained heterostructures that form the active regions of most devices,
encompassing both point defects'? and extended defects such as threading
dislocations?#, inversion domains’>®, and stacking faults*. Of particular significance are
defect-induced localized electronic states that interact with interband transitions'2’,
and can act as nonradiative recombination centers that compete with radiative electron-
hole recombination—the fundamental process in light emission. This effect is clear in
AlGaN-based UV-LEDs, where internal quantum efficiency drops from 46% to 34%
when the threading dislocation density exceeds 6 X 107 cm3,% highlighting the critical

impact of defects on device performance.
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mediated in-gap states as a dominant mechanism, necessitating revised carrier transport
models for oxidized nitride systems through observed transitions between dispersive

and flat bands via state hybridization.

The AIN thin film was grown on a-Al,O3(0001) substrates patterned with a 1 pm-period
hexagonal hole array (=500 nm deep) via 365 nm UV lithography. Epitaxial growth of
was carried out at 1270°C in a 3x2" CCS Aixtron metal-organic chemical vapor
deposition system using tri-methyl aluminum and NHs precursors, producing AIN
epilayers 5 pm thick that serve as a suitable model for the formation of tubular defects
within the AIN film which will oxidize on their inner surfaces.?>. The details of AIN
growth parameters can be found in our recent publication?3. Specimens for transmission
electron microscopy (TEM) were prepared using a Thermo-Fisher Helios 600i FIB
system with a Ga* ion beam. Initial milling was performed at 30 kV (0.23-9.3 nA) to
create lamellae, followed by final thinning at 2 kV (<15 pA). Surface oxides were
removed using a Fischione Nanomill 1040 operated at 900 eV and 150 pA for final
polishing. The VEELS experiments were carried out on an extreme field-emission gun
(XFEG) Thermo-Fisher Titan Themis Cube G2 double aberration corrected
transmission electron microscope operated at 60 kV. Hence, Cherenkov radiation can
be eliminated because at 60 kV the electron velocity can be calculated as 1.29x108 m/s
from the relativistic formula®* and so remains below the speed of light in AIN which
can be estimated to lie in the range of 1.35-1.41x108 m/s »*, depending on the value of
the dielectric function chosen. The electron microscope is equipped with a Gatan
Quantum ER965 EELS system and a monochromator that allows an energy resolution
of ~150 meV. Dual EELS spectrum images were recorded in scanning TEM (STEM)
mode using a nominal dispersion of 0.025 eV per channel. The convergence semi-angle
for the incident electron beam was 3.23 mrad and the collection semi-angle 3.5 mrad
for recording off-axis VEELS in beam tilt experiments, which allow sampling of the
dispersion curve for particular momentum transfers. The sampling of the spectrum

image in real space was set as 5 nm where the delocalization of inelastic scattering can
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be neglected®. The set-up is similar to that used in Dwyer’s* work, and the technique
to accurately evaluate the band-edge onset is based on our previous research?’. The
fitting window for background subtraction was from 0.6 eV to 2.5 eV for bulk AIN and
amorphous oxides layer, and the Fowler-Nordheim model*® was used to describe the

zero-loss tail.?°

1(q,E) « |[M|*Ng (E) (1)

1(q,E) < |[Mg,(q) + M|*(Ngy(E) @ Ngp(E)) 2)



dependent coupling between localized and bulk states, introducing dispersion into the

EELS intensity profile.
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Figure 1. a) cross-sectional high-angle annular dark field (HAADF) image of a thin
AIN film with a tubular defect in it. b) is an energy-dispersive X-ray spectrometry
(EDXS) map from the area marked by the dotted white rectangle in a). ¢) is a top-down
view onto such a cylindrical defect with an elliptical cross-section extracted from
another plan-view sample, with corresponding EDXS map in d) and high-resolution
HAADF image of the defect’s edge in e). f) and g) show the diffraction patterns for
specimen regions a) and c) and the corresponding aperture positions for VEELS

experiments, respectively.

For systematic characterization of the band structure in surface-oxidized defects,
precise evaluation of the oxide layer region and its crystallographic properties was
imperative. Initial structural analysis was conducted through high-angle annular dark-
field (HAADF) imaging of both plan-view and cross-sectional AIN specimens. Figure
la reveals the tubular defect of ~80 nm widths extending toward the surface, while

Figure 1lc displays its plan view showing an elliptical geometry (~10x40 nm).



Subsequent elemental mapping (Figures 1b, d) confirmed ~2 nm surface oxidation
within the defects, as evidenced by distinct oxygen signals (red).

High-resolution TEM imaging (Figure le) elucidated the atomic arrangement at the
AIN/ALOs heterointerface. Well-defined lattice fringes in the AIN matrix reflect the
epitaxial crystalline phase grown on sapphire substrates. Notably, the characteristic
hexagonal lattice symmetry dissipates at defect peripheries, indicating an oxidation-
induced crystalline-to-amorphous phase transition.

The disruption of long-range atomic order in oxidized surfaces modifies reciprocal
space symmetry, consequently altering the E-k dispersion relation3?. This prompted
comprehensive VEELS investigations under both on-axis (g=0) and off-axis
conditions3! (Figure S1). For on-axis measurements along [0001] (plan-view) and

[1010] (cross-section) zone axes, the joint density of states (JDOS) was modeled by
direct transitions following I o ./E — E,.3> Bandgap extraction involved dual fitting

approaches: square root function with constant offset and linear fitting to I?, with
optimal energy windows selected via R?> maximization (Figures S2a-d). Comparative
analysis revealed consistent AIN bandgap (5.81-5.87 eV), though square root fitting
demonstrated superior precision (root mean-squared error (RMSE) =0.03 eV vs. &=
0.13 eV).

Off-axis VEELS measurements at high-symmetry points (K, L, M; Figure S3) required
modeling indirect transitions via I o« (E — E;)**.33 Experimental bandgaps (Table 1)

agrees with ab initio calculations performed using the Vienna Ab-initio Simulation
Program (VASP) package with the HSE06 exchange correlation functional which is
known to lead to most accurate band gaps for nitride materials34. The theoretical band
structures exhibited excellent agreement with VEELS-derived dispersion relations,

validating the experimental methodology for both AIN and a-Al>O3 systems.



Table 1. Comparison of the direct and indirect bandgaps measured by VEELS and
computed by first principles using VASP with HSE06 functional for /', K, L and M
points in AIN and in a-Al2O3, respectively. The error bars presented here incorporate

both the spectrometer dispersion calibration error and the fitting error.3?
I'(eV) K (eV) L (eV) M (eV)

AIN (VEELS) 5.86£0.18 6.70£0.32  6.95%0.45 6.86+0.21

AIN (HSE06) 5.85 6.63 7.46 6.94
0-Al,O; (VEELS)  8.96%0.6  10.82%0.27 9.74%0.26 11.15%0.19
a-Al,03 (HSE06) 8.99 12.56 12.79 12.74

Given the wider bandgap of a-Al>O3 (8.71 eV) compared to AIN (5.85 eV), VEELS
analysis of band alignment at the AIN/a-AlO3 was carried out first. The line scans
across the interface reveal the band diagram presented in Figure 2b, as can be seen,
there is a characteristic band bending consistent with established AIN/ a-Al,Os3
heterostructure models®. While a calculation of the joint density of states (JDOS)

confirms direct bandgap transitions for both materials, we observe an interfacial JDOS
tail exhibiting a [ < (E — Eg)l'senergy dependence, which extends up to 5.57 eV (as

marked in fig. 2¢), indicative of indirect bandgap behavior.

High-resolution scanning transmission electron microscopy (HRSTEM) imaging
(Figure 2a) verifies the epitaxial nature of the interface, with no amorphous interlayers.
The observed ~0.3 eV energy dip in Figure 2b - representing the energy difference
between the bulk AIN band edge (blue arrow, Figure 2c bottom spectrum) and the
AIN/a-AlL:Os interface states (red arrow, Figure 2¢ middle spectrum) - likely stems from
strong interfacial N-Al-O bond interactions®, with the spatially resolved bandgap
energy profile serving as a reference for surface-oxidized defect studies.

Complementary VEELS measurements across the AIN/vacuum interface (Figure 2d),
were acquired where the aloof probe technique was employed to investigate AIN

surface states via delocalization inelastic scattering. Notably, the ~2 nm amorphous
8



Al>O; layer induces band transitions below surface state energies (Figure 2e),
potentially facilitating electron trapping. Systematic exclusion of oxygen vacancies,
carbon contamination, and Ga implantation effects is a prerequisite to being able to

attribute this electron localization solely to amorphous phase disorder.
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Figure 2. a) heterojunction of an AIN thin film on a-Al;O3 substrate across which
VEELS has been conducted, b) shows the band diagram along the dotted red line in a).
Spectra in c) correspond to bulk a-Al>O3, AIN and their interface as extracted from b).
d) shows the heterojunction of AIN and surface amorphous a-Al>Os, across which
further VEELS were recorded, with the resulting band diagram along the red line shown

in e) and corresponding spectra in f).

To elucidate the energy level of oxygen vacancies in amorphous Al>O3, cross-sectional
VEELS was employed to probe the band alignment between crystalline a-Al>O3 and its
amorphous surface layer (Figure S4a). The spatial evolution of the low-energy loss
features is presented in Figure S4b. While pronounced band bending is observed near
the o-Al2O; surface, the sub-bandgap transition onset energy at the a-

Al,Os/amorphous-Al;O; interface remains above 6.69 eV (Figure S4c). This indicates
9



that oxygen vacancies, despite their higher concentration in amorphous compared to
crystalline Al;O3, cannot account for the joint JDOS tail observed below 5.9 eV
(bandgap of AIN3) in surface-oxidized AIN.

For Ga-ion-implanted Al,Os3 (Figure S4d), rather than exhibiting a JDOS tail at lower
energies, the material demonstrates a bandgap reduction from 8.82 eV to 7.17 eV
(Figure S4e-f), which still exceeds the bandgap/sub-bandgap transition energy of AIN.
Furthermore, electron beam irradiation during STEM imaging may introduce localized
carbon contamination on the specimen surface (Figure S4g), inducing additional band
bending. However, the JDOS profile in carbon-contaminated regions reveals a broad
dipole resonance centered at 6.05 eV37, which again does not match the sub-bandgap
JDOS features observed in amorphous alumina.

Since neither oxygen vacancies, Ga interstitials, nor carbon contamination can explain
the ~5.6 eV transition observed in Figure 2e, we attribute this feature to the electronic
structure of the disordered amorphous Al,O; oxide layer.

For disorder-induced carrier localization phenomena, the characteristic localization tail
observed in VEELS can be quantitatively described by a Lorentzian line profile3®,
where the full width at half maximum (FWHM, denoted as hw) serves as a direct metric
for the degree of structural disorder. Crucially, the energy separation between the

primary interband transition (E;) and the localized states (E.) follows the theoretical

relationship as E, = /Ef — h2w?2.%

To experimentally verify the formation of amorphous Al:O:-induced localized states,
we present the optical reflectance spectrum of an as-grown AIN sample in Figure S5.
The spectrum exhibits a pronounced absorption onset at 210 nm (5.9 eV), exhibiting
excellent agreement with the bandgap value of 5.85 eV determined by VEELS
measurements. Through Tauc plot transformation of the reflectance data ((athv)? vs.
photon energy E)**4%, we observe remarkable consistency between the derived optical
absorption profile and the squared VEELS intensity spectrum. Both techniques

unambiguously reveal spectroscopic signatures of sub-bandgap states, manifested as a

10



Lorentzian-shaped feature centered at 4.5 eV with hw= 1.5-2 eV. This multimodal
analysis conclusively demonstrates that edge-oxidized alumina layers can introduce
electronically active localized states within the forbidden bandgap of AIN.
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Figure 3. VEELS of a) edge-oxidized defect with aloof probe in plane-view, b) surface
states from oxide in plane-view, ¢) bulk AIN in plane-view, d) bulk AIN in cross-section,

e) the edge-oxidized defect in cross-section.

The oxidized tubular defect depicted in Figure 1(c)-(e) was systematically characterized
using off-axis VEELS at high-symmetry points (7, K, M, and L) in the AIN Brillouin

zone. This approach enabled spectral decomposition of bulk AIN, surface oxide layer,

11



and vacuum region components. Figure 3 presents the momentum-resolved
contributions from these distinct states, where panels (a)-(c) demonstrate that while
bulk AIN states exhibit expected dispersion, both surface states and localized states
maintain constant energy positions regardless of the electron scattering vector ¢q. This
anomalous behavior suggests strong hybridization between surface and localized states
within the amorphous oxide matrix.

To verify this hypothesis, comparative on-axis and off-axis VEELS measurements were
performed on thicker cross-sectional specimens (Figure S4). Under bright-field
conditions with orthogonal alignment of incident electron beam and surface normal
vectors, the surface state contribution became negligible. As evidenced in Figures 3(d)-
(e), the resultant spectra revealed g-dependent energy shifts not only for bulk AIN states
but also for localized states, confirming bulk-localized state coupling. This
phenomenon was consistently observed across various Ill-nitride systems including
GaN, AlosGaosN, and Alo.15GaossN (Figure S6), where the dispersion of localized
states was similarly governed by their interaction with bulk/surface states. These
findings imply that the electron localization length exceeds the thickness of ultrathin
amorphous alumina layers, permitting wavefunction overlap between localized
electrons and bulk AIN states.

Further investigation of beam-projection-dependent coupling effects was conducted
through spatially resolved VEELS mapping. Figures 4 (plan-view) and Figure 5 (cross-
sectional) present the reconstructed energy landscapes, featuring a characteristic ~2 eV
FWHM broadening near defect edges. Through joint DOS analysis incorporating both
direct and indirect transitions, we extracted the momentum-dependent interband
transition energy Ej, (q). Notably, Figure 4 demonstrates that while bulk AIN exhibits
conventional E},(q) dispersion, surface states under aloof-beam conditions maintain
constant onset energies - conclusively eliminating any g-dependence for states excited
through long-range Coulomb interactions. The derived E.(q) maps (generated from
E,(q) and FWHM distributions) further corroborate this interpretation, showing

identical dispersion patterns to JDOS maps except within oxide regions where a ¢-
12



independent localized state minimum appears. This provides definitive evidence for

surface-localized state hybridization.

vV
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FWHM (o) M
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Figure 4. Localized state distribution based on VEELS. The ellipsoidal defect comes
from the plan-view specimen. The fitted bandgap along various high symmetry
directions is shown in the first row, the full width at half maximum (FWHM) after
Lorentz function fitting is displayed as maps shown in the second row; the third-row
plots localization energy (E,) calculated from band-edge and AE maps. All scale bars

are the same as for the last column.

To support this conclusion, VEELS of the defect core was recorded in cross-sectional
view. By processing the energy landscape of E;,, FWHM and E. in Figure 5, a broad
FWHM of ~2.5 eV is observed only at the defect core, which confirms the presence of
localized states. With the absence of surface sub-bandgap transitions, the localization
energy (E,) at the local defect shifts together with the change of band gap (E}) from /I~
to L points, which indicates a state coupling of bulk AIN band dispersion and localized
states in surface oxides. Therefore, analyzing carrier localization in the surface oxide
layer at the AIN defect requires an understanding of momentum-dependent inter-band

transitions.
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Figure 5. Maps of (top to bottom) bandgap E},, FWHM (AE = hw), and localization

energy E. at different points extracted from the VEELS in cross-sectional view.

In summary, valence electron energy-loss spectroscopy (VEELS) reveals that the
conventional a-Al>O3/AIN band alignment model fails to adequately describe electron
dynamics at oxidized AIN surfaces. Through nanoscale off-axis VEELS mapping, we
demonstrate that the band dispersion of localized states is governed by coupling
between bulk electronic states and disorder-induced localized states. The plan-view
geometry uniquely enables observation of state coupling between AIN surface states
and localized states, where the surface states exhibit momentum independence a
characteristic facilitating the formation of dispersion-free, disorder-induced localized
states that effectively trap surface electrons. Remarkably, when probing the amorphous
ADO3/AlN interface in cross-section via electron beam irradiation, pronounced state
coupling emerges between localized states and AIN bulk states. This interaction
compels the localized states to develop distinct band dispersion, attributable to the
convolution of scattering amplitudes between these coupled states. Notably, these
phenomena are consistently observed in both GaN and AlGaN systems. Our findings
underline the critical importance of probing disorder-induced localized states in dual

spatial-momentum space for elucidating the impact of amorphous surface oxides on

14



electrical characteristics. Our newly identified mechanism provides fundamental
insights into electronic behavior at amorphous/semiconductor interfaces, which play
pivotal roles in determining the performance and reliability of diverse electronic

devices.

The supplementary material provided shows the details of VEELS experiments and the

determination of the bandgaps.
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