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ABSTRACT

The layered structures of polar oxides (i.e., metal/oxygen/metal/oxygen/...) can be utilized to engineer the atomic structures and thus tailor
the electronic properties of polar oxide/semiconductor interfaces, including the band offsets between the technologically important MgO and
SiC for complementary metal-oxide-semiconductor and spintronic devices. However, the growth of atomically flat polar oxide MgO films
with arbitrary thickness has been hindered by polarity issues. In this study, we analyze the interfacial structure and band alignment of MgO
(111) thin films deposited on 6h-SiC (0001) by the molecular beam epitaxy method. An epitaxial growth of the MgO (111) thin film on SiC is
demonstrated. We show that the interface is O-terminated by atomic-scale scanning transmission electron microscopy measurements. The
insulating characteristics are preserved in the vicinity of the interface according to electronic structure calculations. X-ray photoelectron spec-
troscopy measurements show that the valence band offset is approximately 1.6 eV. Electronic structure calculations for a realistic model con-
structed using the atomically resolved electron microscopy images show an excellent agreement between the calculated and measured valence
band offsets, further confirming the validity of the developed atomic interface model. These findings pave the way for further advancements
in MgO-based electronic devices, considering the ability to tailor the interface atomic structure, which could be employed to engineer the
overall electronic properties at the interface, including the valence band offset.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0284175
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Wide-bandgap semiconductors such as SiC and GaN are of sig-
nificance for device applications that require high-temperature opera-
tions, high frequency, and high power density. * One of the main
challenges for their use in power transistor applications is the lack of a
suitable oxide for metal-oxide-semiconductor types of structures.
Particularly, the native oxide (SiO,) of SiC has a smaller dielectric con-
stant than SiC, which limits the operation to considerably below the

breakdown voltage of SiC.” In addition, the electronic properties of the
SiO,/SiC interface are rather poor due to the high density of surface/
interface trap states, which significantly decreases the carrier mobility
in SiC gate channels.” Therefore, the provision of an oxide with a high
dielectric constant and chemical and thermal stabilities and low inter-
face density of states is crucial for both SiC and GaN device technolo-
gies. Several oxides, such as MgO and AL Os, have garnered attention

Appl. Phys. Lett. 127, 101604 (2025); doi: 10.1063/5.0284175
© Author(s) 2025

127, 101604-1


https://doi.org/10.1063/5.0284175
https://doi.org/10.1063/5.0284175
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0284175
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0284175&domain=pdf&date_stamp=2025-09-09
https://orcid.org/0000-0002-2862-1875
https://orcid.org/0000-0001-8222-841X
https://orcid.org/0000-0001-7578-8347
https://orcid.org/0000-0001-9352-6236
https://orcid.org/0000-0002-4314-4093
https://orcid.org/0009-0002-3266-9836
https://orcid.org/0000-0002-4314-6865
mailto:vlado.lazarov@york.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0284175
pubs.aip.org/aip/apl

Applied Physics Letters

due to their excellent thermal properties and high dielectric
constants.”*

MgO has been proposed as an oxide barrier for SiC-based devices
due to its high dielectric constant k ~ 10, low lattice mismatch with
SiC of only 3%, and spin filtering properties.” '* The low lattice mis-
match between MgO and SiC minimizes interfacial strain, which is
conducive to reduced leakage currents in high-power devices.
Moreover, the polar MgO (111) can form atomically abrupt and
almost defect free interfaces with GaN (0001), GaN (111), and SiC
(0001)."” The layered structure of the polar oxide (i.e., metal/oxygen/
metal/oxygen/...) can be utilized to engineer the atomic interface
structure, and thus tailor the electronic properties of the polar oxide/
semiconductor interface including the band offsets between MgO and
SiC or GaN.

Intrinsically polar materials, such as metal oxides and compound
semiconductors, are used in numerous electronic, magnetic, and
chemical applications. However, along the polar direction, they consist
of oppositely charged ionic planes, which leads to diverging electric
dipole moments with the increase in film thickness, according to elec-
trostatic models.'” Various mechanisms that overcome the polarity
issue have been reported, including surface reconstruction, surface fac-
eting, surface metallization, and adatoms.'® ! In numerous studies on
MgO growth along its polar [111] orientation, as well as in other rock
salt oxides,”' surface roughening has been observed, including faceting
into neutral surface planes, as a mechanism to overcome the polar-
ity.””** The presence of adatoms such as H could efficiently quench
the surface dipole moment of some polar oxide surfaces, including
MgO (111), leaving them in a (111) termination.”® ** In this regard, H
has been employed as a surfactant, providing a dynamical solution for
the polarity constraints throughout the growth of MgO (111).” This
H surfactant approach can enable the growth of single-crystal MgO
(111) films and pave the way for the growth of polar oxide heterostruc-
tural devices with improved electronic properties. Furthermore, the
hexagonal symmetry of MgO (111) films in combination with the
good thermal stability, relatively high dielectric constant, and spin fil-
tering properties could provide complementary metal-oxide-semicon-
ductor and spintronic devices based on wide-bandgap semiconductors
and ferrite oxides.

In this study, we demonstrate an epitaxial growth of an MgO
(111) thin film on a SiC substrate, with a unique atomic stacking at the
interface. Atomic-scale scanning transmission electron microscopy
(STEM) measurements show the O termination of the interface, while
x-ray photoelectron spectroscopy (XPS) measurements show that the
valence band offset (VBO) is ~1.6¢€V. Electronic structure calcula-
tions, performed on a realistic model based on atomic-scale STEM
images, show an excellent agreement between the calculated and mea-
sured VBOs, which further validates our atomic interface model. In
addition, the electronic calculations show the absence of interface
states.

The MBE growth was performed on n-type 6h-SiC wafers. The
SiC substrate was annealed in hydrogen gas under high-vacuum con-
ditions to obtain an atomically flat SiC(0001) surface. For the anneal-
ing, the SiC substrate was heated to 900°C under a molecular
hydrogen pressure of 5 x 10~ ® mbar. The base pressure of the system
was 2 x 107'° mbar. The gas pressure was measured using an ion
gauge and residual gas analyzer. The samples were heated by direct-
current resistive heating. The substrate temperature during deposition
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was <200 °C. H was used to passivate the dangling bonds on the SiC
surface. This approach removes scratches and extends surface terraces
of the SiC, ie., extends SiC surface step edges due to the saturation of
dangling bonds at step edges.”* In addition, the hydrogen adsorbed on
the substrate surface can act as a surfactant for the layer-by-layer MgO
growth.”

MgO thin films were grown using the plasma-assisted molecular
beam epitaxy method. The deposition consisted of a simultaneous
exposure of the substrate to magnesium and oxygen. Magnesium was
deposited from a Createc low-temperature effusion cell, set to 280 °C,
at a rate of ~2 A/min, determined using a calibrated quartz crystal
microbalance. Oxygen was provided in a plasma form from an Oxford
Applied HD-25 plasma source operated at 90 W. The oxygen pressure
in the system was 1 x 10~® mbar, measured by an ion gauge. To avoid
silica nucleation, the substrate was first exposed to magnesium flux fol-
lowed by the oxygen plasma at a pressure of 10~ ® mbar.

XP spectra were acquired using a monochromated Al K, x-ray
source with an electron beam flood gun to minimize surface charging
and enable a reliable charge offset correction. The spectra were charge-
corrected using a gold reference and carbon Is reference from SiC.
The valence band maxima for the SiC and MgO were measured using
a bulk SiC reference and a 20nm thick MgO film grown on SiC,
respectively. The SiC substrate signal is completely suppressed as the
inelastic mean free path of photoelectrons is significantly smaller than
the film thickness. The core energy levels for Mg 2p and Si 2p were
measured using the bulk references and compared to the core level val-
ues measured for the MgO/SiC thin film interface to calculate the
VBO. The s-orbitals were measured as bonding states for the VBO cal-
culations by Eq. (1). The s-states were measured to improve the energy
resolution, as the signals from the 2p states of Si and Mg are small.
XPS core level data were fitted using a split pseudo-Voigt function,
which is a modified Gaussian function that accounts for asymmetry in
the data peak due to the removal of the Shirley background. Further
information on the growth and XPS data analysis is provided in the
supplementary material (supplementary material Notes S1 and S2,
Figs. $4-56).

Atomic-resolution imaging was performed using the Nion
UltraSTEM100 aberration-corrected dedicated scanning transmission
electron microscope, operated at 100kV with a convergence angle of
30 mrad. At these optical conditions, the electron probe size is deter-
mined to be 0.9 A. The inner detector angle for high-angle annular
dark field (HAADF) STEM imaging was 76 mrad. HAADF images
were acquired by a rigid registration as stacks of images of the same
area recorded in quick succession, resulting in a high signal-to-noise
ratio and precision in the image. Additional bright-field (BF) TEM
imaging was performed with a double-aberration-corrected JEOL
JEM-2200FS operating at 200kV. The samples were prepared by con-
ventional cross section polishing methods followed by further thinning
using ion milling to achieve electron transparency. HAADF image
simulations were performed by the QSTEM multislice code™ to com-
pare model structures to observations, using the experimental optical
and specimen conditions as input parameters.

Electronic structure simulations were performed with the
CASTEP code’' to compare VBOs to the measured values. To com-
pensate for the electric dipole moment in the modeled MgO structures,
hydroxyl terminations were used as a terminating layer. To analyze the
positions of the bands at the interface, the valence band edges were
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computed separately for bulk SiC and MgO cells with respect to their
averaged potentials and offset for the calculated potential difference
across the interface of the supercell model. The GoW, calculations
were performed on the bulk SiC and MgO by the abinit code™ to take
into account many-body effects in the determination of the VB energy
edge.

Figure 1 shows BF TEM images of the grown MgO/SiC. The BF
low-magnification image, in Fig. 1(a), shows an overall cross-sectional
view of the sample, which demonstrates the constant thickness of the
film and abrupt interface between the MgO film and SiC substrate.
The higher-magnification high-resolution (HR) TEM image in
Fig. 1(b) shows the single-crystal structures of the film and substrate
and further confirms the abruptness of the interface without the for-
mation of secondary amorphous oxide phases, including SiO,. These
TEM images confirm the feasibility of our approach for the growth of
epitaxial MgO(111) thin films on SiC, with an epitaxial relation of
MgO(111)]|SiC(0001) and MgO(1-10)||SiC(11-20) (Fig. S1), and dem-
onstrate that the employed method overcomes the polarity issues.

Considering the strong dependence of the electronic properties
on the interfacial atomic structure, we acquired a HAADF STEM
image of the MgO film on the SiC substrate, presented in Fig. 2, to
determine the interfacial termination structure.

The HAADF STEM imaging technique, due to its ~Z> atomic
column intensity dependence on the atomic number Z, provides direct
identification of atomic columns. The presented image outlines the
atomically abrupt interface, with a clear distinction between the film
and substrate, Fig. 2(a). The analysis of the film’s atomic columns
shows the difference between the intensities of Mg and O. The STEM
image [Figs. 2(a) and 2(b)] shows a row of atomic columns with a
reduced intensity at the interface, matching that of an oxygen plane in
the MgO film, as confirmed by an image simulation [Fig. 2(c)] per-
formed using the QSTEM simulation package on a model with an O
top-site interface [overlaid in Fig. 2(b)]. The intensity profile in
Fig. 2(e) for the region in Fig. 2(d) selected from Fig. 2(a) better reflects
the O termination of the MgO film.

We also carried out a first-principle analysis of the formation
energies of different possible O atomic site populations at the interface

FIG. 1. (a) Low-magnification bright-field TEM image of the MgO film grown on
SiC and (b) higher-magnification HRTEM image of the MgO(111)/SiC(0001)
heterostructure.

pubs.aip.org/aip/apl

[T4, H3, and top site; supplementary material Fig. S2 and Fig. 2(b)].
The T4 configuration has 3.0 eV/supercell higher formation energy
than the top-site configuration, while the formation energy difference
between the H3 configuration and top-site configuration is 1.9eV/
supercell. These results further confirm that the top-site O configura-
tion is more stable than the T4 and H3 configurations, as expected
according to the measured STEM image. The distance between the first
interfacial Mg and Si planes is larger by ~15% than the distance
between neighboring Mg planes in the interior part of the MgO film,
while the corresponding value obtained by the simulation for the
developed top-site model is ~14%, which further shows the validity of
our model.

The partial local densities of states (PDOSs) in Fig. 3 projected by
atomic species show the absence of detrimental interface states near
the Fermi level. In other words, the insulating characteristics of both
film and substrate are preserved at the interface region. Similar behav-
iors are obtained for the O-terminated interfaces with interfacial O
atoms at T4 and H3 sites, as shown in supplementary material Fig. S2.

Figure 4 shows XP spectra of three sets of specimens, a bare
SiC(0001) and thin (2.5nm) and thick (20nm) MgO(111) films/
SiC(0001), acquired to determine the valence and conduction band
offsets. TEM images of the thin (~2.5nm) and thick (~20nm)
MgO(111) films/SiC(0001) are presented in Fig. S3. The dashed lines
represent fittings employed to accurately determine the energy values
of core levels and valence band maxima. The valence band maximum
is determined by the energy value at the intercept where the linear fit
crosses the baseline signal. Figure 4(a) shows the 2s core level results
for both Si and Mg measured from the thin MgO film. The binding
energies measured using these peaks are in agreement with those in
the NIST XPS database” for SiC and MgO. Figure 4(b) shows the
measurement results for the “bulk” 20 nm thick MgO film. The bind-
ing energy measured for the fitted peak corresponds to the Mg 2s
energy state in MgO. The valence band maximum was determined by
interpolation as the spectrum approaches the valence band edge.
Figure 4(c) shows results as in (b) but for the SiC Si 2s and valence
band maximum reference.

Based on these results, in Fig. 5, we illustrate the band alignment
at the interface of MgO and SiC with the band offsets, AE, and AE,.
The bandgap energies of 6h-SiC and MgO are also presented. For
MgO/SiC, the calculation of the VBO was carried out by the following
equation:

Si M Si Si M M
Evpo = (Ezé - Eng)H] - (Ezi - EVIBM)SiC + (EZSg - EVBgM)Mgo’

1

where HJ denotes the heterojunction, while the values for the parame-
ters are obtained using the XPS results. The VBO obtained by the mea-
sured energy positions of Mg 2s and Si 2s and the respective valence
band maxima is 1.62 €V. This value reasonably well agrees with that
reported by Goodrich (1.50 eV),”* which indicates that the VBO mea-
surements based on the s and p orbitals are comparable.

Furthermore, calculations were performed with the CASTEP
code to predict the VBO for the model constructed according to the
measured STEM image. Oxygen is in the top-site position on the SiC
surface, where the next C atom would be positioned if the 6h structure
of SiC is continued. The calculated VBO is 1.60 eV [Fig. 5(b)], in excel-
lent agreement with the measured VBO, which further confirms the
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FIG. 2. (a) HAADF STEM image at the
interface, (b) its magnified view with an
overlaid structural model with the oxygen
top-site interface termination (Si: green,
O: red, and Mg: blue), (c) corresponding
HAADF STEM image simulated using
QSTEM, and (d) and (e) region selected
from (a) and corresponding average inten-
sity profile along the vertical direction
showing the O termination of the MgO
film, respectively.

FIG. 3. (a) Structural model for the O top-
site interface (Si: green, C: black, O: red,
and Mg: blue) and (b) PDOSs for the dif-
ferent atomic species at the interface. The
Fermi level is indicated by the dashed

-0.4 black line.
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FIG. 4. (a) XP spectrum acquired from the MgO/SiC thin film interface. Using this spectrum, the core level difference in Eq. (1) is calculated with the binding energies of the Mg
2s and Si 2s orbitals. (b) XP spectrum acquired from a 20 nm thick MgO film on SiC, used as a bulk reference for the Mg core levels and valence band maximum. (c) XP spec-

trum acquired from SiC to determine the same properties as in (b).
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validity of the developed atomistic model for the investigated MgO/
SiC heterostructure. In contrast to the measured and calculated values
of the VBO in this study, Zhang et al. have reported a VBO of 3.65eV
for SiC-4h/MgO.” This VBO difference could be assigned to the dif-
ferent interfacial atomic structures of the heterostructures in this study
and their study. Therefore, the experimental and theoretical results
obtained in this study suggest that the VBO is significantly modified
by the presence of oxygen at the interface. These findings indicate that
the electronic structures, including the band offset, could be engineered
by carefully tailoring the interfacial atomic structure.

In this study, we demonstrated an epitaxial growth of a MgO
(111) thin film on a SiC substrate. Atomic-scale STEM measurements
revealed that the interface is O-terminated. The insulating characteris-
tics are preserved in the vicinity of the interface according to the elec-
tronic structure calculations. According to the XPS measurements, the
VBO is approximately 1.6 eV. Electronic structure calculations using
the model based on the measured STEM image showed an excellent
agreement between the calculated and measured VBOs, which further
confirms the validity of our model. These findings pave the way for
further advancements in MgO-based electronic devices, considering
the ability to tailor the interface atomic structure, which could be
employed to engineer the overall electronic properties at the interface,
including the VBO.

See the supplementary material for details on the diffraction pat-
tern of the MgO/SiC heterostructure, atomic structures and PDOSs for
T4 and H3 interface models, TEM images of the ~2.5 and ~20nm
thick MgO films, detailed growth procedure, effects of hydrogen treat-
ment, TEM images of a film obtained by a nonoptimized growth pro-
cedure, and characterization of a thicker specimen.
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