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Enhancing Electrical and Interfacial Properties of
BeO/4H-SiC Structures with SiO2 Interlayer

Sangoh Han, Dohwan Jung, Jonghyun Bae, Juyoung Chae, Haekyun Bong,
Prakash R. Sultane, Christopher W. Bielawski, and Jungwoo Oh*

Beryllium oxide (BeO) has exceptionally high thermal conductivity (330
W m−1·K−1), a large bandgap energy, and a high dielectric constant, making
it an optimal dielectric for high-power devices. However, its direct application
on 4H-SiC is hindered by interfacial carbon-cluster formation during
high-temperature annealing, primarily due to the decomposition of 4H-SiC.
In this study, a SiO2 interlayer is introduced between BeO and 4H-SiC using
plasma-enhanced chemical-vapor deposition to address these challenges.
Electrical measurements reveal that the BeO/SiO2/4H-SiC stack exhibits
a reduced leakage-current density, an enhanced breakdown field (>7.5
MV cm−1), and a smaller capacitance–voltage hysteresis compared with direct
BeO deposition owing to reduced interface defects. Band-alignment analysis
shows an increased conduction-band offset between BeO/4H-SiC, potentially
contributing to improved carrier confinement. The interface trap density (Dit)
is reduced by two orders of magnitude, indicating an improved interface quality
owing to the presence of the SiO2 interlayer. The SiO2 interlayer significantly
improves interface quality, reduces leakage current, and enhances the break-
down field of the BeO/4H-SiC system. These results suggest that interfacial
engineering using a SiO2 interlayer can be an effective approach for improving
the electrical reliability of high-temperature dielectric stacks on 4H-SiC.

S. Han, D. Jung, J. Bae, J. Chae, H. Bong, J. Oh
School of Integrated Technology
Yonsei University
Incheon 21983, Republic of Korea
E-mail: jungwoo.oh@yonsei.ac.kr
S.Han, J. Bae, J. Chae,H.Bong, J.Oh
BK21Graduate Program in Intelligent Semiconductor Technology
YonseiUniversity
Incheon21983, Republic of Korea
P. R. Sultane, C.W.Bielawski
Center forMultidimensional CarbonMaterials (CMCM)
Institute for Basic Science (IBS)
Ulsan 44919, Republic of Korea
C.W.Bielawski
Department of Chemistry
UlsanNational Institute of Science andTechnology (UNIST)
Ulsan 44919, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202500469

© 2025 The Author(s). Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aelm.202500469

1. Introduction

The pursuit of high-performance power
electronics has driven significant interest
in wide-bandgap semiconductors, with
4H-SiC receiving considerable attention
because of its exceptional material prop-
erties. 4H-SiC offers exceptional ther-
mal conductivity (370Wm−1·K−1),[1] high
breakdown-field strength (3 MV cm−1),[2]

high electron mobility (2 × 107 cm s−1),
and low intrinsic carrier concentration
(8 × 10−9 cm−3),[3] making it an ideal
candidate for power-device applications.
Thermally oxidized SiO2 has been widely
adopted as a gate dielectric for 4H-
SiC MOSFETs due to its excellent ther-
modynamic stability, wide bandgap (≈9
eV), mature fabrication process compat-
ibility, and chemical inertness at high
temperatures.[4] Furthermore, it offers
superior interface passivation and a high
conduction band offset (≈3.2 eV), which
are critical for device reliability. Never-
theless, when directly grown on 4H-SiC

by thermal oxidation, SiO2 suffers from a high interface trap den-
sity (Dit≈1013 cm−2eV−1), primarily due to residual carbon atoms
generated during the incomplete oxidation of SiC.[5] This inter-
face degradation significantly limits channel mobility and device
performance.
Furthermore, the smaller permittivity of SiO2 (3.9) compared

with 4H-SiC (9.6) results in the SiO2 electric field being 2.5 times
higher than that in 4H-SiC.[6] This forces 4H-SiC MOSFETs to
operate at electric fields far below the breakdown capability of
4H-SiC to prevent the breakdown of SiO2. In addition, its limita-
tions in thermal conductivity and dielectric constant hinder de-
vice performance in high-power applications. To address these
limitations and fully exploit the potential of 4H-SiC in power ap-
plications, the development of high-k materials has emerged as a
promising approach for enhancing 4H-SiC power-device perfor-
mance and reliability (Figure 1).[7]

Compared with conventional high-k materials such as Al2O3
and HfO2, Beryllium oxide (BeO) exhibits outstanding proper-
ties that make it a promising high-k dielectric material for 4H-
SiC-based power devices. BeO has superior electrical insulating
properties, a large band gap of 10.6 eV,[8] crystalline growth,[9]

and a high dielectric constant of 6.9.[10] Additionally, BeO stands
out among high-k oxides due to its exceptionally high thermal
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Figure 1. Schematic of interface-defect formation during the incomplete thermal oxidation of 4H-SiC. High-k dielectrics can reduce carbon generation
by reducing the reliance on thermally oxidized SiO2.

conductivity of 330 W m−1·K−1[11] at 300 K. This thermal ad-
vantage, attributed to its strong Be–O bonding and limited soft
phonon modes,[12] is critical for power devices operating under
elevated temperatures, where effective heat dissipation is essen-
tial. Furthermore, the strong covalent bonding between Be and
O atoms contributes to enhanced thermal stability during high-
temperature processing. Another critical advantage is the high
conduction band offset (CBO) of 2.28 eV[12] between BeO and
4H-SiC, which is substantially larger than those of Al2O3

[13] or
HfO2

[14] (typically ≈1.5 eV or less). A higher CBO ensures better
carrier confinement and leakage suppression under high electric
fields, a key requirement for reliable power device operation.
Table 1 presents a comparison of key physical properties

among representative high-k dielectrics. BeO offers a large
bandgap, high thermal conductivity, and wide conduction band
offset(CBO) with SiC, making it particularly promising for wide-
bandgap semiconductors, which are designed for high-voltage
and high-temperature environments.
However, the integration of BeO with 4H-SiC presents inter-

facial challenges, particularly under high-temperature process-
ing conditions required for device fabrication and reliable ohmic
contact formation. Previous studies, have shown that direct de-
position of BeO on 4H-SiC can lead to increased C─C bonding

Table 1. Comparison of representative high-k dielectric materials for 4H-
SiC power devices.

Property BeO[12] Al2O3
[13] HfO2

[14]

Thermal Conductivity (W/m·K) 330 30 1.5

Bandgap (eV) 10.6 8.8 5.7

Dielectric Constant (k) 6.9 9 25

Conduction Band Offset with 4H-SiC (eV) 2.28 1.9 0.7

Crystallinity Crystalline Amorphous Amorphous

and carbon-cluster formation at the interface after annealing, re-
sulting in degraded electrical properties.[15] To mitigate interfa-
cial defects such as poor chemical bonding and carbon-related
residues arising during high-temperature annealing, a thermally
stable PECVD SiO2 interlayer was introduced between BeO and
4H-SiC. Rather than serving as a conventional gate dielectric, this
interlayer acts as a chemical buffer, transforming the BeO/SiC in-
terface into a passivated SiO2/SiC interface that is known to sup-
press interface trap densities of High-K/4H-SiC interfaces and
enhance thermal and chemical stability during annealing.[12,15]

While thermally grown SiO2 is typically preferred for its superior
electrical properties,[16–18] PECVD-deposited SiO2 has also been
employed effectively as an interfacial layer in various high-𝜅/4H-
SiC MOS structures, with demonstrated performance in terms
of leakage current and interface trap density.[19–21]

Building upon this prior work, we investigated the effect of
introducing a thin SiO2 interlayer between BeO and 4H-SiC.
Previous research has demonstrated that thermally oxidized or
PECVD SiO2 interlayers can effectively suppress carbon-related
defect formation and improve interface quality in SiC-based
devices.[22–26] The SiO2 interlayer in this study is expected to serve
as a buffer layer, mitigating carbon-related defects during high-
temperature annealing while providing a higher conduction-
band offset (CBO). This improvement can potentially reduce the
interface trap density and improve the overall dielectric reliability.
In this study, we employed atomic-layer deposition (ALD) tech-

niques to fabricate high-quality BeO films on 4H-SiC substrates
with a 10-nm SiO2 interlayer deposited via plasma-enhanced
chemical-vapor deposition (PECVD). The structural and elec-
trical properties of the BeO/SiO2/4H-SiC stack were system-
atically investigated and compared with those of the BeO/4H-
SiC to evaluate its effectiveness in suppressing interfacial de-
fects. To address high-temperature stability, we also explored
the electrical and chemical behavior of BeO/SiO2/4H-SiC and
BeO/SiO2 stacks before and after post-deposition annealing.
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Figure 2. Schematic comparing carbon formation during annealing for two different substrates: a.1) BeO/4H-SiC and b.1) BeO/SiO2/4H-SiC. XPS-depth
profile of atomic concentration of carbon with a.2) BeO/4H-SiC and b.2) BeO/SiO2/4H-SiC.

Comprehensive material-characterization techniques, including
X-ray diffraction (XRD), X-ray reflectometry (XRR), X-ray photo-
electron spectroscopy (XPS), and electrical measurements, were
utilized to analyze the quality of the deposited films and evalu-
ate the effectiveness of the SiO2 interlayer. Our findings demon-
strate that the SiO2 interlayer significantly improves the dielec-
tric performance of BeO by reducing the interface trap den-
sity, decreasing the leakage current, and enhancing the break-
down voltage. This study contributes to the advancement of high-
performance power devices by optimizing the dielectric interface
in 4H-SiC based structures, thereby extending the application
range of BeO in high-temperature and high-voltage power-device
technologies.

2. Results and Discussion

Figure 2 presents a schematic of the structural difference and
interfacial changes of the BeO/4H-SiC and BeO/SiO2/4H-SiC
stacks after annealing, along with the corresponding XPS-depth
profiles. The schematic in Figure 2(a.1) represents the BeO/4H-
SiC structure, where annealing leads to significant carbon seg-
regation at the interface. Owing to the limited oxygen supply
fromBeO, 4H-SiC is not completely oxidized, causing the carbon
atoms to separate from the Si atoms. While Si may form Si-rich
compounds, carbon atoms cluster near the interface, resulting
in electrically active defects that degrade the dielectric properties
of the stack. The absence of an intermediate layer allows these

carbon atoms to accumulate without suppression or further re-
actions, as evidenced by the XPS profile in Figure 2(a.2). The pro-
file shows that the carbon concentration remains high near the
interface, with ≈8 atomic percent (at.%) detected at a depth cor-
responding to 5 nm from the interface. The carbon concentra-
tion gradually decreases, which further indicates diffusion into
adjacent layers.
In contrast, Figure 2(b.1) depicts the BeO/SiO2/4H-SiC struc-

ture, where a SiO2 interlayer is introduced between BeO and 4H-
SiC. The SiO2 interlayer provides an additional oxygen source
that actively participates in interfacial reactions during anneal-
ing. Oxygen released from the SiO2 interlayer reacts with carbon
byproducts from the decomposition of 4H-SiC, leading to the
formation of a thin, passivated SiO2/SiCxOy layer.

[24] This sup-
presses carbon segregation and prevents excessive carbon clus-
ter formation, as shown in Figure 2(a.2). The effectiveness of the
SiO2 interlayer is confirmed by the XPS depth profile shown in
Figure 2(b.2), where carbon concentration decreases sharply near
the interface, with values below 2 at.% at a depth of 5 nm from
the interface. The steeper gradient demonstrates that SiO2 effec-
tively mitigates carbon accumulation and limits its diffusion into
adjacent layers, thereby improving interfacial properties.
Figure 3 shows the XPS C1s carbon-peak deconvolution data

measured at a depth of 2 nm from the 4H-SiC substrate.
This analysis aims to investigate the chemical-bonding states
of carbon at the interface between the dielectric layer and
4H-SiC substrate by comparing the (a) BeO/4H-SiC and (b)
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Figure 3. XPS C1s carbon peak deconvolution with a) BeO/4H-SiC and b) BeO/SiO2/4H-SiC after annealing at 1000 °C.

BeO/SiO2/4H-SiC structures. The C1s spectra were deconvo-
luted into different peaks corresponding to various carbon-
bonding configurations, including the C─Si (283.0 eV), C─C
(284.8 eV), C─O (286.0 eV), and C═O (290.0 eV) bonds.[27,28]

The C─Si bonds originated from the 4H-SiC substrate. Dur-
ing annealing, the 4H-SiC substrate underwent decomposition,
leading to the formation of C─C bonds owing to incomplete
oxidation.[29] Specifically, the C1s spectrum of the BeO/SiO2/4H-
SiC structure shows a lower intensity of the C─C peak and
a higher intensity of the C─Si peak compared to that of the
BeO/4H-SiC structure. The lower carbon percentage observed
in the SiO2 sample further supports this conclusion, suggesting
that the SiO2 interlayer effectively mitigates the accumulation of
carbon defects. This is because beryllium oxide exhibits strong
covalent bonding[30] between the beryllium and oxygen atoms,
which hinders the decomposition of BeO and its reaction with
carbon during annealing. Consequently, carbon atoms that are
not bonded to silicon tend to remain as C─C clusters at the in-
terface when BeO is directly deposited on 4H-SiC. In contrast,
the SiO2 interlayer provides a blocking barrier for the diffusion
of carbon atoms from 4H-SiC to BeO.
Figure 4 presents the interface trap-density (Dit) distribution

as a function of energy within the bandgap (Ec-Et) for both the
BeO/4H-SiC and BeO/SiO2/4H-SiC structures after annealing at
1000 °C. Dit was calculated using the Termanmethod by compar-
ing the differences between the ideal C–V curves and measured
C–V curves at 1 MHZ.[15,31] The Dit value for the BeO/SiO2/4H-
SiC structure is approximatelymid-1011 cm−2 eV−1 at Ec-Et = 0.25
eV, which is two orders of magnitude lower than that of direct
BeO deposition on 4H-SiC (mid-1013 cm−2 eV−1 at Ec-Et = 0.25
eV). Although the Termanmethod provides a practical estimation
of Dit based on high-frequency C–V measurements, it may un-
derestimate the absolute Dit values due to its insensitivity to fast
interface states and inaccuracies near the conduction band edge.
Alternative techniques, such as the C–𝜓 s method[32] and carrier-
based analysis using Hall and split C–V measurements,[33] of-
fer more accurate evaluation of interface trap densities. Never-
theless, the relative comparison between the structures remains
valid and clearly demonstrates interfacial improvement achieved
by incorporating the SiO2 interlayer. Although the measured Dit
values did not reach the lowest levels reported in previous studies

using more advanced passivation techniques,[34–36] they may be
further reduced by implementing optimized surface treatment
processes, such as pre-oxidationH2 etching,

[37] NO annealing,[38]

POCl3 annealing,
[39] or PEALD SiO2,

[40] all of which have been
reported to effectively passivate interface states at the SiO2/SiC
interface.
The observed reduction in Dit is primarily attributed to the

distinct chemical interactions between the dielectric layers and
the 4H-SiC substrate. Specifically, the PECVD-deposited SiO2
interlayer provides an available oxygen source that promotes
further thermal oxidation of the 4H-SiC surface during high-
temperature processing, resulting in the formation of a high-
quality SiO2 interface layer.

[29,41] In contrast, when BeO is directly
deposited on 4H-SiC, the strong covalent bonding between Be
and O atoms prevents oxygen diffusion from the BeO layer to
the underlying 4H-SiC.[42] As a result, interface formation relies
mainly on ambient oxygen, which may be insufficient to ensure
complete interfacial stability, leading to carbon-related byprod-
ucts and a higher Dit.
Figure 5 shows the XRR analysis of BeO/SiO2/4H–SiC, which

reveals the structural characteristics of the BeO films deposited
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Figure 4. Interface defect (Dit) versus Ec–Et of BeO/4H-SiC and
BeO/SiO2/4H-SiC after annealing at 1000 °C.
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Figure 5. XRR analysis of the BeO/SiO2/4H-SiC stack, confirming high-
density BeO formation with a smooth interface.

on the SiO2/4H-SiC substrates. The film thickness and density
of as-grown BeO and SiO2 layers were measured to be 35.8 and
8.3 nm, respectively, compared to their nominal thicknesses of
40 and 10 nm. The measured thickness values are in good agree-
ment with the ellipsometry results and expected ALD growth rate
of 0.9 Å/cycle, confirming precise thickness control. The density
of ALD BeO (2.80 g cm−3) was comparable to that of bulk BeO
(3.01 g cm−3) and previous research.[43]

The XRR fringe patterns provided insights into the interface
roughness between the BeO and SiO2 layers. The well-defined in-
terference fringes in the XRR spectra indicate relatively smooth
interfaces, which are crucial for maintaining the good electrical
properties of the dielectric stack.[44] The low interface roughness
of ≈0.6 nm at the SiO2/4H-SiC interface suggests a highly uni-
form and smooth interface. Surface roughness scattering, which
inversely scales with the square of the roughness (μSR∝ 1/Δ2), is
significantly suppressed compared to conventional thermally ox-
idized SiO2/4H-SiC (Δ ≈ 1.2 − 2.4 nm)[45] which enhances the
electrical characteristics by minimizing interface scattering[46]

and enhancing carrier mobility in the final device structure. Fur-
thermore, the polycrystalline nature of BeO on SiO2 was con-
firmed by TEM and SAED patterns in our previous study, sup-
porting the structural integrity and densification observed in the
XRR profiles.[47]

Figure 6a illustrates the band alignment between BeO and 4H-
SiC characterized by XPS using the Krautmethod. Among high-k
dielectrics, BeO exhibits a high CBO of 2.34 eV, making it an ef-
fective gate dielectric material. Furthermore, SiO2 demonstrated
a higher CBO of 2.7 eV, suggesting its potential use as an inter-
layer to further suppress the leakage current and enhance device
performance.[48] The significant band offsets provided by these
materials contribute to improved carrier confinement and relia-
bility in electronic applications.
The conduction- and valence-band offsets of the BeO films

on 4H-SiC were calculated using the Kraut method.[49,50] While
initial estimations of the valence-band offset (ΔEv) relied on the
difference between the valence-band maximum (VBM) values of
BeO and 4H-SiC, this approach often led to inaccuracies owing
to interface dipole effects. To address these limitations, the Kraut
method was employed in this study, as it incorporates corrections

for dipole shifts occurring at the interface before and after film
deposition. This ensured a more accurate determination of the
energy separation between the core levels and VBM values.
The ΔEV, core-level energy difference (ΔECL), and ΔEC were

calculated using the following equations:

ΔEV =
(
E4H−SiC
Si2p − E4H−SiC

VBM

)
−
(
EBeO
Be1s − EBeO

VBM

)
− ΔECL (1)

ΔECL =
(
E4H−SiC
Si2p − EBeO

Be1s

)
(2)

ΔEC =
(
EBeO
g − E4H−SiC

g

)
− ΔEV . (3)

In Equation (1), ESi2p and EBe1s represent the binding energies
of core levels in 4H-SiC andBeO, respectively. Similarly, EVBM cor-
responds to the binding energy of the valence-band maximum,
whereas ΔECL represents the core-level difference between BeO
and 4H-SiC. Each term, except for ΔECL, was derived from bulk-
material standards and XPS data obtained from a bare 4H-SiC
substrate and 40 nm BeO film on 4H-SiC. ΔECL was specifically
determined from XPSmeasurements of a 5-nm BeO film on 4H-
SiC.
Figure 6b shows the Si 2p core-level and valence band spectra

of the bare 4H-SiC substrate. The VBM was determined by ex-
trapolating the leading edge of the valence-band spectrum. The
Si 2p peak and VBM of 4H-SiC were measured at 103.0 and 3.0
eV, respectively. Figure 6c illustrates the Be 1s core-level and va-
lence band spectra of the 40-nm BeO film on 4H-SiC, where the
Be 1s peak and VBM were observed at 113.3 and 3.5 eV, respec-
tively. Figure 6d highlights the offset between the Si 2p and Be 1s
core levels for the 5 nm BeO film on 4H-SiC. The Si 2p and Be 1s
core-level binding energies were measured at 102.6 and 114.5 eV,
respectively, resulting in a calculatedΔECL of 11.9 eV using Equa-
tion (2). The ΔEV was determined to be 2.1 eV, with an estimated
error margin of ±0.1 eV using Equations (1) and (2).
Figure 6e shows the O-Be1s core level used to determine the

bandgap energy (Eg) of the BeO films deposited on a 4H-SiC sub-
strate. The bandgap was calculated from the onset of inelastic en-
ergy loss relative to the elastic-peak binding energy. The onset of
inelastic energy loss was measured by fitting the intersection of
straight lines representing the inelastic loss spectra and the back-
ground level. From this analysis, the binding energy of the O-Be
1s elastic peak was observed at 531.4 eV, while the onset of inelas-
tic energy loss was observed at 539.1 eV, yielding an estimated Eg
of 7.7 eV.
By combining these results with Equation (3), ΔEC was calcu-

lated as 2.34 eV, with an errormargin of±0.1 eV. Band-alignment
results demonstrate that the BeO/4H-SiC interface forms a type
I (straddling) heterojunction with significant valence-band offset
(ΔEV ≈ 2.1 eV), CBO (ΔEC ≈ 2.34 eV), and a wide bandgap (Eg
≈ 7.7 eV), which is favorable for gate dielectric applications. The
large conduction- and valence-band offsets provide effective bar-
riers for both electrons and holes, minimizing carrier injection
and improving device reliability.
Additionally, the incorporation of a SiO2 interlayer increases

the CBO by ≈+0.36 eV, resulting in a total CBO of 2.7 eV. This
enhanced band offset effectively suppressed the leakage current
by providing a higher energy barrier for carrier injection.
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Figure 6. a) SiO2
[51] and high-k (BeO, Al2O3,

[13] HfO2,
[14] Ta2O3

[52]) band offset with respect to 4H-SiC. b) Si 2p core-level and VBM XPS spectra for
bare 4H-SiC substrate. c) Be 1s core-level and VBM XPS spectra for 40 nm BeO film on 4H-SiC substrate. d) Si 2p and Be 1s core-level XPS spectra for
5 nm BeO on 4H-SiC substrate. e) O 1s energy-loss spectrum of 40 nm BeO on 4H-SiC substrate.

The I–V measurements in Figure 7a reveal that the leakage-
current density for the 10 nm BeO/10 nm SiO2 stack (J = 7.7
× 10−9 A cm−2) is notably lower than that of 20 nm BeO (J =
1.5 × 10−8 A cm−2) at an electric field of 1 MV cm−1. Moreover,
the breakdown field is significantly increased more than twice
to 7.5 MV cm−1. This reduced leakage current and increased
breakdown field can be attributed to the increased CBO and im-
proved interface quality provided by the SiO2 interlayer. The en-
hanced conduction barrier effectively suppresses the leakage cur-
rent through the dielectric stack, enhancing the overall dielectric
strength.
As shown in Figure 7b, C–V was measured at 1 MHZ, where

the voltage was swept bidirectionally from depletion to accumu-
lation and back. The analysis shows that the 10 nm BeO/10
nm SiO2 structure exhibits a smaller hysteresis of 0.05 V com-
pared with the direct BeO deposition, indicating a reduction in
trapped charges and improved interface stability. The effective
dielectric constant (k) of the 10 nm BeO/10 nm SiO2 stack is
≈5.3, which is close to the ideal value of 5.4 calculated from

the combination of dielectric constants of BeO (6.9) and SiO2
(3.9). In addition, the flat-band voltage (VFB) shows a nega-
tive shift from 3.7 V (BeO/4H-SiC) to 1.9 V (BeO/SiO2/4H-
SiC) upon introduction of the SiO2 interlayer. This leftward
shift of the C–V curve is a commonly observed phenomenon
in SiO2/4H-SiC structures and is primarily attributed to the for-
mation of interface dipoles and fixed oxide charges (Qf) at the
SiO2/SiC interface. Additionally, the incorporation of the SiO2
layer improves the interfacial quality by reducing Dit, which
also contributes to the observed shift toward the ideal flat-band
condition.[53]

The decrease in Dit reduces the energy states that can trap
charges near the interface, thus lowering the effective positive
charge near the conduction band edge. To estimate the magni-
tude of charge variation responsible for the VFB shift, we employ
the relation:

ΔVFB = −
Qeff

COX
(4)

Figure 7. a) Current density–electric field and b) C–V characteristics of BeO/4H-SiC, BeO/SiO2/4H-SiC, and SiO2/4H-SiC structures.
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where Cox is the equivalent oxide capacitance per unit area. For
a 10 nm BeO / 10 nm SiO2 stack with an effective dielectric con-
stant of ≈5.3, Cox is ≈1.1 μF cm−2, yielding an estimated charge
reduction Qeff of ≈2.0 × 1012 cm−2 corresponding to the 1.8 V
shift. This value reflects the combined effects of reduced fixed
charges and interface trap densities.
Therefore, the observed VFB shift is likely the result of a combi-

nation of interface dipole formation by SiO2, reduction of positive
fixed oxide charge, and improved interface passivation leading to
a lower Dit. These findings further support the role of the SiO2
interlayer in modulating the interface charge environment and
enhancing the electrical stability of the dielectric/4H-SiC.
In addition to the observed improvements in leakage current

and breakdown characteristics, the introduction of BeO also plays
a critical role in improving electric field distribution across the
gate dielectric stack, which is particularly important for reliable
operation under high bias conditions in 4H-SiC. Due to the rel-
atively low dielectric constant of SiO2 (𝜅 = 3.9) compared to that
of 4H-SiC (𝜅 = 9.7), a significant portion of the applied voltage
is dropped across the oxide layer, resulting in a high electric field
concentration and premature dielectric breakdown. In contrast,
BeO, with a higher dielectric constant (𝜅 = 6.9), enables a reduced
effective oxide thickness (EOT) for the same physical thickness,
leading tomore favorable electric field distribution and improved
gate performance.
The effective oxide thickness (EOT) is calculated using the re-

lation:

EOT = thigh−k ⋅
kSiO2

khigh−k
(5)

For a physical thickness of 10 nm:

EOTSiO2
= 10 ⋅ 3.9

3.9
= 10 nm, EOTBeO = 10 ⋅ 3.9

6.9
≈ 5.65 nm (6)

whereas BeO with k = 6.9 yields an EOT of ≈5.65 nm.
This reduction in EOT directly translates to increased gate ca-

pacitance and lower electric field per unit thickness, which is es-
sential for enhancing breakdown strength and suppressing leak-
age current. Furthermore, the use of a high-𝜅 dielectric like BeO
in a stacked configuration with SiO2 can significantly alleviate
electric field stress on the SiO2 layer.
When SiO2 is used alone, the entire applied voltage is dropped

across the thin oxide:

ESiO2
= V

tSiO2

(7)

For V = 1V, tSiO2
= 10 nm, this yields:

ESiO2
= 1
10

= 1MV∕cm (8)

In contrast, for a 10 nm SiO2 / 10 nm BeO gate stack, the volt-
age is divided according to the permittivity and thickness of each
layer. The voltage drop across the SiO2 interlayer is given by:

V stack
SiO2

=
tSiO2

∕𝜅SiO2

tSiO2
∕𝜅SiO2

+ tBeO∕𝜅BeO
⋅ V (9)

Substituting tSiO2
= tBeO = 10 nm, 𝜅SiO2

= 3.9, and 𝜅BeO = 6.9,
we obtain:

V stack
SiO2

=
10∕3.9

10∕3.9 + 10∕6.9
⋅ 1 ≈ 2.564

4.014
⋅ 1 ≈ 0.639V (10)

Hence, the electric field across the SiO2 layer in the stack be-
comes:

EstackSiO2
= 0.639

10
= 0.639MV∕cm (11)

This represents approximately a 36% reduction in electric field
stress on the SiO2 layer. While the total physical thickness is
increased, the inclusion of a high-𝜅 dielectric such as BeO ef-
fectively maintains EOT scaling and distributes the electric field
more favorably. As the thickness or dielectric strength of the BeO
layer increases, the voltage drop across the SiO2 is further sup-
pressed. This redistribution of the electric field is a key advantage
of BeO/SiO2 stacked gate dielectrics, enabling enhanced break-
down performance and reduced leakage current.
Table 2 provides a comparative overview of key electrical pa-

rameters (EBD, leakage current density, Dit) as reported for var-
ious dielectric configurations on 4H-SiC under similar post-
deposition annealing conditions (≈1000 °C).
Thermally grown SiO2 exhibits excellent breakdown charac-

teristics (8–10 MV cm−1) and moderate leakage current (≈10−7

A cm−2), although typically at the cost of high interface trap den-
sities (≈1013 cm−2 eV−1). In contrast, ALD Al2O3 and Al2O3/SiO2
stacks demonstrate improved Dit values (on the order of 1012

cm−2eV−1), though often at the expense of a lower breakdown
field (≈3–5.5 MV cm−1) and higher leakage current, particularly
after high-temperature annealing.
In this context, the proposed BeO/SiO2 bilayer structure

achieves a balanced performance: following 1000 °C forming gas
annealing, the stack exhibits a significantly reduced Dit (5 × 1011

cm−2eV−1), a leakage current density (≈5 × 10−7 A cm−2 at 5
MV cm−1) comparable to thermal SiO2, and an enhanced break-
down field of ≈7.5 MV cm−1—exceeding prior BeO-only and
Al2O3-based structures. These results highlight the effectiveness
of the SiO2 interlayer and demonstrate the clear advantages of
our approach over existing gate dielectric technologies for 4H-
SiC power devices

3. Conclusion

This study demonstrated that the incorporation of a PECVD-
deposited SiO2 interlayer significantly enhances the struc-
tural and electrical properties of BeO films on 4H-SiC sub-
strates. The SiO2 interlayer serves as an oxygen source dur-
ing high-temperature annealing, promoting the formation of a
high-quality SiO2/SiCxOy interface while suppressing carbon-
cluster formation, thereby overcoming interfacial limitations
and expanding the applicability of BeO. This modification
reduces the interface trap density by two orders of magni-
tude and improves thermal stability. The BeO/SiO2/4H-SiC
stack exhibits superior dielectric performance, owing to a re-
duced leakage current, enhanced breakdown field, and op-
timized band alignment, with high CBO. These improve-
ments highlight the potential of this dual-layer dielectric
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Table 2. Comparison of Electrical and Interfacial Properties of Gate Dielectrics on 4H-SiC under annealing temperature over 1000 °C.

Gate Stack [nm] Annealing Condition EBD [MV cm−1] Leakage current [A cm−2] Dit [cm−2 eV−1]

Dry Oxidation SiO2
[54] O2 / 1250°C 8–10 ≈1 × 10−7 ≈1 × 1013

Al2O3
[55–57] N2 / RTA 1050 °C 5.5 1 × 10−6–3 1 × 1012

25 nm Al2O3/ 15 nm SiO2
[58] N2 / RTA 1000 °C ≈3.0 -, 2 × 10−7[59] 6 × 1012

20 nm BeO Forming gas/ Tube Furnace, 1000 °C ≈3.5 1 × 10−6 5 × 1013

10 nm BeO/10 nm SiO2 Forming gas/ Tube Furnace, 1000 °C ≈7.5 ≈5 × 10−7 5 × 1011

structure for power devices fabricated under high-temperature
processing conditions. In addition to the SiO2 interlayer strat-
egy demonstrated in this work, further improvements may be
achieved through surface treatments and optimized ALD and an-
nealing conditions, which can enhance interface quality and di-
electric integrity. These approaches merit further study to fully
utilize BeO-based dielectrics in high-voltage 4H-SiC MOSFETs.

4. Experimental Section
Sample Preparation: A commercially available highly doped n+ 4H-SiC

(0001) wafer was used with epitaxially grown active layers with a thickness
of 6.7 μmand an n-type doping concentration of 7.54× 1015 cm−3. Prior to
further processing, the substrates were cleaned by sequential immersion
in acetone, isopropanol (IPA), and deionized water for 5 min each. After
these cleaning steps, the native oxide was removed by immersing the 4H-
SiC substrates in a 6:1 buffered oxide etchant (BOE, NH4 F: HF = 6:1) for
2 min. A 50 nm nickel layer was then deposited on the back of the 4H-SiC
substrates using electron-beam evaporation. Ohmic contacts were formed
by annealing the substrates in a nitrogen (N2) atmosphere at 950 °C for
1 min using a rapid thermal-processing system. Before the deposition of
the dielectric layers, the substrates were cleaned again with acetone, IPA,
deionized water, and buffered oxide etchant (BOE, NH4 F: HF = 6:1), for
5 min each.

For structural and compositional analyses, a 10 nm SiO2 film was
then deposited onto the 4H-SiC substrates using a PECVD system (SCS-
5000, SN-tech, South Korea), utilizing N2O and SiH4 gases with a plasma
power of 100 W for 300 s. Beryllium oxide (BeO) films were subse-
quently deposited on the SiO2/4H-SiC substrates using an ALD system
(Lucida M100-PL, NCD Technology) with diethylberyllium (DEB), specifi-
cally Be(C2H5)2, serving as the precursor. H2O was used as the reactant in
the thermal ALD (ThALD) process. During ThALD, the substrate temper-
ature was maintained at 250 °C, and the precursor temperature was set to
65 °C. The ALD process of BeO consisted of four sequential steps: DEB
precursor exposure 5sec, purge 30sec, H2O reactant exposure 1sec, purge
30sec. Argon gas was introduced to maintain a working pressure of 0.25
Torr and to purge any residual precursor and reactant from the chamber.

For the fabrication of metal-oxide-semiconductor capacitors, BeO films
were deposited using ThALD with a growth per cycle of 0.9 Å/cycle onto
two types of substrates: SiO2/4H-SiC and bare 4H-SiC. To systematically
investigate the effects of annealing on defect formation and electrical prop-
erties, the samples were divided into two groups: as-deposited samples,
which did not undergo any thermal treatment, and post-deposition an-
nealed samples, which were subjected to annealing in a tube furnace at
1000°C for 1 h under a forming gas atmosphere(95% N2 + 5% H2). A
maskless patterning lithography process was used to fabricate a 250 μm-
diameter hole pattern for the top-electrode deposition with a photo resist
(AZ5214). Subsequently, a 100-nm-thick layer of tungsten was deposited
using DC sputtering. The unwanted metal was removed through a lift-off
process. Finally, a 100 nm thick gold (Au) layer was deposited on the back-
side via e-beam evaporation at a rate of 1 Å/sec to improve electrical con-
ductivity.

Characterization: The thicknesses of the BeO thin filmswere evaluated
using ellipsometry (Elli-SE, Ellipso Technology). The crystal structure and

film density were investigated by XRD and XRR (SmartLab, Rigaku, Japan).
These systems were equipped with an X-ray tube generating Cu K𝛼 radia-
tion, operated at voltages ranging from 20 to 60 kV and a current of 60mA.
XPS was performed using a spectrometer (K-ALPHA, Thermo Fisher Sci-
entific, USA) to analyze the elemental composition and chemical states of
the samples. A monochromated Al K𝛼 X-rays with an energy of 1486.6 eV
was used at 12 kV and 3mAwith a spot size of 400 μm. survey spectra were
acquired at a pass energy of 200 eV (step size 1.0 eV), and detailed core-
level spectra were acquired at a pass energy of 40 eV (step size 0.1 eV). The
energy resolution, calibrated by the FWHM of the Ag 3d5/2 peak, was 0.7
eV. Prior to the XPS measurements, the sample surfaces were etched with
Ar ions at 500 eVwith a 2mm x 2mm raster to remove any surface contam-
inants, thereby ensuring an accurate analysis of the intrinsic composition
of the BeO film. Both survey and depth-profile analyses were conducted
at a take off angle(TOA) of 90°, thereby ensuring a bulk-sensitive analy-
sis for accurate depth profiling. All binding energies were calibrated using
the adventitious carbon C 1s peak at 284.8 eV as a reference. Capacitance-
voltage (C–V) and current-voltage (I–V) measurements were performed
using a power device analyzer/curve tracer (B1505A, Keysight, USA and
4200-SCS, Keithley, USA) equipped with a preamplifier. Finally, the inter-
face trap density (Dit) was extracted from the C–V data using the Terman
method, and calculations were performed using MATLAB software.
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