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A Review on Gate Oxide Failure Mechanisms of
Silicon Carbide Semiconductor Devices

Jinglin Li*", Graduate Student Member, IEEE, Aditya Shekhar™, Member, IEEE,
Willem D. van Driel™, and Guoqi Zhang™, Fellow, IEEE

Abstract—In this article, we provide a comprehensive
review of defect formation at the atomic level in inter-
faces and gate oxides, focusing on two primary defect
types: interface traps and oxide traps. We summarize the
current theoretical models and experimental observations
related to these intrinsic defects, as they critically impact
device performance and reliability. By integrating theoret-
ical insights with experimental data, this review provides
a thorough understanding of the atomic-scale interactions
that govern defect formation.

Index Terms— Acceleration model, failure mechanisms,
silicon carbide (SiC) MOS devices, time-dependent dielec-
tric breakdown (TDDB).

[. INTRODUCTION

HE drive toward higher efficiency and performance in
Telectronic devices has brought silicon carbide (SiC) to
the forefront of semiconductor technology. SiC-based devices
offer superior electrical and thermal properties compared to
traditional silicon (Si) devices [1], making them highly attrac-
tive for applications in power electronics, automotive, and
aerospace industries [2], [3], [4], [5], [6], [7], [8]. One of the
critical aspects determining the reliability and lifetime of these
devices is the integrity of the gate oxide. Therefore, under-
standing the breakdown and failure mechanisms of SiC gate
oxides is crucial for the advancement and broader adoption of
SiC technology.

Compared to Si, SiC gate oxides are subject to harsher
operational environments due to the inherent properties of
SiC, such as higher electric fields and increased operating
temperatures. These conditions worsen the stress on the gate
oxide, potentially accelerating degradation processes. In addi-
tion, the interface quality between SiC and the gate oxide
(typically silicon dioxide, SiO;) plays a pivotal role in device

Received 8 August 2024; revised 25 September 2024;
accepted 13 October 2024. Date of publication 25 October 2024;
date of current version 2 December 2024. The review of this article was
arranged by Editor T. Kimoto. (Corresponding author: Jinglin Li.)

Jinglin Li, Willem D. van Driel, and Guogi Zhang are with the Electronic
Components, Technology and Materials (ECTM) Group, Department
of Microelectronics, Delft University of Technology, 2628 CD Delft,
The Netherlands (e-mail: J.Li-26@tudelft.nl).

Aditya Shekhar is with the DC Systems, Energy Conversion and
Storage (DCE&S), Electrical Sustainable Energy, Delft University of
Technology, 2628 CD Delft, The Netherlands.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TED.2024.3482252.

Digital Object Identifier 10.1109/TED.2024.3482252

performance and reliability [9]. Unlike Si, which benefits
from an exceptionally high-quality SiO, interface due to the
near-perfect lattice match, the gate oxide in SiC devices suffers
from a high density of defects, which can trap charges and
further degrade the device performance.

Recent studies have shown that the dominant failure mech-
anisms in SiC gate oxides include field-driven related bond
breakage and current-driven related charge trapping, both con-
tributing to premature breakdown. Unfortunately, reliability
investigations of breakdowns in various fabrication processes
and applications have evolved separately for many years,
leading to confusion and misunderstandings. The unique mate-
rial properties of SiC necessitate a thorough reevaluation of
existing models and the development of new predictive tools
for gate oxide reliability.

This review aims to synthesize the current understanding of
SiC gate oxide breakdown and failure mechanisms, contrasting
it with the well-established knowledge of Si gate oxides.
By examining the similarities and differences in failure behav-
iors, we seek to highlight the specific challenges associated
with SiC gate oxides and clarify prospective research fields.
Through this comprehensive overview, we intend to provide
a road map for future studies to enhance the reliability of
SiC-based electronic devices.

This article is organized as follows. Section II provides
a comprehensive overview of dielectric breakdown models,
detailing the E model, 1/E model, the combined E + 1/E
model and trap-assist-tunnel model, with a focus on their
theoretical foundations, strengths, and limitations. In addition,
this section discusses how device performance is influenced by
oxidation conditions, oxide materials, and annealing processes.
Section III delves into defects at the atomic level, examining
their impact on semiconductor materials, particularly at the
Si0,/SiC interfaces and within gate oxides. This section
discusses the formation and effects of carbon-related defects,
oxide traps, and the transformation of oxygen vacancies.

Il. VOLTAGE, TEMPERATURE, AND PROCESS
DEPENDENCY OF BREAKDOWN TIME
The breakdown time (Tpp) of gate oxides in SiC devices
is influenced by several factors, including operating volt-
age, temperature, and intrinsic fabrication process variables.
Understanding these dependencies is essential for predict-
ing device lifetime and improving fabrication techniques.

0018-9383 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Long-term stress tests over years or decades are impractical,
so higher-than-operational stress conditions are applied to
induce breakdown within a manageable time frame. However,
these accelerated conditions may introduce stress mechanisms
different from those encountered during normal device opera-
tion, potentially leading to inaccuracies in lifetime projections.
Therefore, while acceleration tests are invaluable for rapid
reliability assessment, it is crucial to interpret their results with
caution and to complement them with models that account
for the discrepancies between accelerated and operational
conditions.

A. Physical Breakdown Models

In this section, we discuss four breakdown time models:
the E model, the 1/E model, the combined model, and the
trap-assisted tunneling (TAT) model. The selection of the
appropriate model, particularly the debate between the E and
1/E models, remains unresolved [10], [11].

1) E Model: The E model supposes the dielectric break-
down is a field-driven mechanism. To investigate the model,
a fixed voltage is typically applied to the gate oxide and
the time until breakdown (Tgp) is recorded. The breakdown
event is usually characterized by a sudden increase in leakage
current, indicating a catastrophic failure of the oxide layer. The
constant voltage time-dependent dielectric breakdown (CV-
TDDB) is commonly applied to evaluate the field-induced
degradation. This degradation is based on the concept of
oxygen vacancies and molecular precursors with strong dipolar
coupling in intrinsic defects. These weak bond states can be
broken by thermochemical processes induced by the local
electric field in the gate oxide [10].

It is widely reported that Tgp under CV has an exponential
dependency on the electric field in the gate oxide (Eqx)

T AH)y
8D = TBD,0 - exp(ﬁ - Von) ()
where AH, is the activation energy for bond breakage, k
is Boltzmann’s constant, T represents the temperature, and
y represents the acceleration factor, which represents the
rate at which stress conditions (such as elevated tempera-
ture or increased electric field) accelerate the degradation
mechanisms compared to normal operating conditions. It is
typically used in reliability assessments to project the lifetime
of a device under normal use based on accelerated test data.
In most TDDB studies, the acceleration factor is electrical
field-dependent or voltage-dependent, assuming that the gate
voltage on a certain oxide with thickness #,x is Vox & Eoxlfox-

Fig. 1(a)—(c) shows the evolution of gate leakage current
in a variety of CV-TDDB tests [12], [13], [14], with three
distinct phases labeled. In Phase I, the gate leakage currents
exhibit a slight decrease or remain nearly constant. In Phase II,
particularly for higher electric fields E,x > 9.5 MV/cm, seeing
37.5 Vin Fig. 1(a) and 43 V in Fig. 1(b), the gate leakage cur-
rent increases with time and forms a peak. At this field, impact
ionization-generated holes are trapped, leading to the increase
of electric field within the oxide, which in turn shortens the
tunneling distance [15], [16]. In Phase III, the leakage current

shows exponential decay due to trapped electrons being cap-
tured by the newly generated defects throughout the tests [17].
The trapped holes in Phase II are recombined with electrons
injected via Fowler—Nordheim tunneling. Both mechanisms
release energy within the oxide, generating additional defects,
which results in a net accumulation of negative charge in the
oxide, leading to a gradual decline in current density [17].

Accurate projection of lifetime necessitates a better under-
standing of accelerate factor y. Tpp ¢3%, Where the time that
63.2% of the sample population fails, is extracted from the
Weibull plots in Fig. 1(d) and (f) and [15]. Fig. 2 illustrates
Tsp.63% as a function of E.x. The data reveal a significant
overestimation of lifetime predictions when relying solely on
high electric field data, and the large disparity in y suggests
different breakdown mechanisms.

In lower electrical field stress, the Si—O bonds are deformed
by local electrical field Ej,, as the Si—O bond can be regarded
as a dipole [10], [15]. This deformation indicates the stretching
of SiO; bonds by the local electrical field, described by the
dipole moment P under the local electrical field Ej

Eloc = on + L(P/E) (2)

where L represents the Lorentz factor and € is the permittivity
of free space. For instance, data from [15] show that the
acceleration factor decreases to 5.414 cm/MYV as the electrical
field reduces from 8.21 to 7.55 MV /cm. The effective dipole
moment extracted from the acceleration factor under lower
electrical field stress is given by the following equation:

P = kTy = 19.75¢ A (3)

where e is the elementary charge and A = 10~!° (m). Based
on the Mie—Griineisen analysis of molecular bonding states
in the silica-based dielectric, Si—O remains covalent with a
bonding coefficient n(9,2) = 1.07 [15], [18]. The calculated
effective dipole moment agrees with the value extracted in (3),
yielding P.g = 19.96¢ A. Petr can be expressed by the follow-
ing equation:

(eZ%)ro

n(9,2)
where Z* = 2.4 represents the number of electron charges
of Si ions [18], [19], ro = 1.7 A stands for the equilibrium
Si—O bond distance [15], [18], [19], Leg = 1.46 is the effective
Lorentz factor [15], and K,x = 3.9 is dielectric constant for
silicon dioxide. It suggests that Si—O bonds remain covalent
bonding when E,x < 8 MV/cm [18]. The covalent nature in
the silicon dioxide system may also arise from Si-Si bonds
(oxygen vacancies) or hole-captured Si—O bonds [15], [18].

The transition in y at higher electrical field stresses suggests
a different breakdown mechanism. According to [18], 70%
of the Si—O bond energy comes from ionic bonds, and the
bonding coefficient drops to 1(9, 1) = 0.6 [18]. The extracted
effective dipole moment increases dramatically to 37.65¢ A,
which is consistent with the calculated value of 35.59¢ A. It is
noteworthy that the effective dipole moment Peg of SiC gate
oxides is larger than that of Si devices (from 7e to 13e A),
as reported previously [18]. A larger Py indicates greater
bond stretching and local electric field effects, even under

eff : [1 + Leff : (Kox - 1)] (4)
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Fig. 1. Time-dependent dielectric breakdown tests and Weibull plots using CV stress [12], [13], [14]. (a)—(c) Gate oxide thicknesses are 38, 46, and

45 nm, respectively. The electrical field stress ranges from 8.68 to 9.9 MV/cm for (a), from 8.48 to 9.35 MV/cm for (b), and from 8.5 t0 9.9 MV/cm (c).

(d)—(f) Weibull plots.
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Fig. 2. Tep,e3% With respect to Eu, indicating overestimation of
the lifetime due to the electrical field dependency of . Reproduced
from [12] and [14], [15]. The acceleration factors decrease from 9.99 to
4.126 cm/MV [12], from 9.22 to 3.556 cm/MV [14], and from 10.32 to
5.414 cm/MV [15] when reducing the electrical field.

the same external electrical field. This suggests enhanced
Fowler—Nordheim (FN) tunneling and impact ionization. Due
to the small barrier height (2.8 eV) between SiC and gate
oxide [20], the FN tunneling is triggered around 8 MV /cm in
SiC gate oxides, whereas impact ionization is not predicted in
thin gate oxides of Si devices until reaching 14 MV /cm [21].

2) 1/E Model: Even though the average electric field remains
constant during CV stress, the local field near the anode and
the SiC/SiO; interface can still fluctuate [22]. Furthermore,

the £ model fails to account for the polarity effects observed
in TDDB tests, where discrepancies arise when the anode and
cathode are reversed [23]. As a result, the 1/E model and the
charge-to-breakdown approach have regained interest.

The 1/E model is based on an injected-charge-driven mech-
anism. Degradation occurs due to the flow of conduction
current and the injection of charges into the dielectric. Before
Si—O bonds break, injected electrons and activated holes are
first captured by defect precursors. Subsequently, the local
electric field disrupts these deteriorated bonds [24], [25]. The
conduction current is typically modeled as FN tunneling,
leading to a lifetime model Tgp under constant current (CC)
that follows an exponential law of reciprocal electric field
dependency:

(&)

B+ H
Tgp = Tsp,o - €Xp

(0.4

where B and H are coefficients related to the FN tunneling
current and impact ionization, respectively [11]. Impact ion-
ization occurs under a high electrical field, where electrons
gain sufficient energy to create new electron—-hole pairs in the
polysilicon layer via interband transition [26], [27]. The newly
generated holes tunnel back to oxide vacancies, causing lattice
damage [28]. The anode hole injection (AHI) mechanism is
illustrated in Fig. 3 [11], [29]. However, in the case of metal
gates, such as aluminum (with zero bandgap), the intraband
transition dominates, which indicates the threshold energy of
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Fig. 3. Accumulated electron tunnel through the triangular-shaped
barrier by FN tunneling under a high electrical field. Some high-energy
electrons reaching polysilicon activate electron—hole pairs, and again,
the hot holes can be tunneled back and trapped in the gate oxide.
Reproduced from [11] and [29].

anode electron direct excitation in metal electrodes is almost
zero. The above threshold energies for metal anode electron
direct excitation are much smaller than the threshold energies
for oxide hole current generated in polysilicon, leading to a
large gate leakage current [27], [30].

The gate oxide fails when the cumulative injected charges in
the oxide reach a critical value (Qgp), which serves as a break-
down criterion. Fig. 4 illustrates the Qpp data extracted from
Weibull plots [22] as a function of Eq [31], [32]. The charge-
to-breakdown Qgp = fOTBD I, dt shows a weak dependence on
stress when Eox < 9 MV/cm, with Qpp values approximately
10, 11.1, and 9.4 C/cm2 in [22], [31], and [32], respectively.
However, relying solely on lower electric field data can lead
to significant underestimation [22]. A clear transition in Fig. 4
shows a dramatic drop in Qpp under high electrical field
stress. In [31], commercial 1200-V planar MOSFETs were
applied to CC TDDB, with AV, gp monitored. Here, AV, pp
represents the voltage difference from the initial V, to the
breakdown V, during CC-TDDB. The agreement between
the electron trapping model and experiment data at 3.43 pA
(9.06 MV/cm) indicates that Qpp is primarily influenced by
electron trapping, whereas discrepancies suggest that holes
trapping induced by AHI become significant when the applied
field exceeds 9.06 MV /cm. At that electrical field, the trapping
of hot electrons and the generation of hot holes induced
by AHI become dominant. These trapped holes reduce the
tunnel distance by altering the electrical field and cause
further oxide damage, which is evident in the I,—t curves
where a peak in leakage current is observed in phase II in
Fig. 1(a)—(c). In addition, the phenomenon of charge capture
results in an interesting effect; Qpp slightly decreases with
increasing injected current density in CC TDDB tests [29].
The modified Qpp model, incorporating electron trapping,
demonstrates high-density electron capture, which leads to
nonuniform current flows near the localized defects [29].

The 1/E model has its limitations. It must be considered
that higher electrical fields may induce a different breakdown
mechanism to what would be the case in operation at smaller

Qsp [C/em?]

N
Fitted curve %\ -

7 7.5 8 8.5 9 9.5 10 10.5
Electrical field [MV/cm]

Fig. 4. Qgp with respect to Eoy, indicating a critical breakdown charge
existing under lower electrical field, with 10 C/cm? [22], 11.1 C/cm? [31],
and 9.4 C/cm? [32]. Meanwhile, the transition in the high electrical field
suggests holes capturing in the gate oxide. Reproduced from [22], [31],
and [32].

fields. Specifically, the rate of hole generation is negligibly
small at low electric fields, particularly under typical operating
conditions, and defect generation induced by hot holes does
not significantly contribute to oxide breakdown. Contradictory
findings arise from studies investigating the impact of hot
holes on gate oxide breakdown. Devices subjected to CV stress
with varying amounts of pre-injected substrate hot holes show
that oxide breakdown is independent of the quantity of these
pre-injected hot holes [33].

3) E+ 1/E Model: Early research suggested that the £ and
1/E models are complementary; the electrical field can ther-
mally stretch the polar Si—O bonds, while the current injected
holes can be captured by oxide traps, further contributing to
degradation [15]. For instance, the acceleration factor y is
field dependent (see the transition in Fig. 2), indicating that
the 1/E model and E model are not mutually exclusive but
rather applicable within different ranges of electric field stress.
Consequently, researchers are exploring ways to integrate both
models to provide a more comprehensive understanding of
TDDB across varying electric field conditions.

Fig. 5 illustrates the potential processes for Si—O breakage.
The Si—O bonds can be directly broken through field-driven
thermochemical processes with a reaction rate k; or through
current-based hole capture [34]. The reaction rate k; is given
by the following equation:

(6)

( AI_IO_VEOX)
ki =vy-exp| ———

kT

where v, represents the characteristic collision frequency with
the lattice [24], [25]. Surprisingly, although the hot holes
may possess sufficient energy, they cannot break the bonds or
cause dislocation of much heavier Si and O atoms [24], [25].
Instead, the captured holes in oxide traps assist degradation
by lowering the hole-catalyzed activation energy by at least
AHy/2. Consequently, the effective reaction rate kg is the
sum of the reaction rate for hole-captured Si—O bonds ky; and
ky [25].

As previously emphasized, the acceleration factor y exhibits
a dependence on the electric field. To address this, a model that
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Fig. 5. Two parallel breakage paths for Si—-O bonds: The Si-O bond
can directly break by field-driven thermochemical process or assisted
by hole capture by hole injection [24].

accounts for the combined effects overextended ranges was
proposed in [15]. The author used TDDB data at the critical
gate voltage Vs it (the transition point in Fig. 2, red line) to
derive modulated parameters beyond Vgs i, The relationship
is given by the following equation:

AH;— AHy = kT (y' — y) Vs e )

where y’ represents the modulated acceleration factor and
AH] is the modulated bond breakage energy. In addition,
a lifetime prediction model that integrates the joint effect
across extended ranges was proposed as follows [15]:

Tsp,e X Tsp,1/E

®)

Top o Tsp.e + Tep1/E

4) Trap-Assisted Tunnel Model: Under normal operational
voltage ranges and room temperature, the probability of
electron injection that can overcome the tunnel barrier is
negligibly low [35]. However, in dielectrics with a high
density of defects, especially shallow traps, TAT becomes
significant. This is due to charge transport facilitated by lattice
relaxation and electron—phonon coupling [36]. TAT can arise
from the elongated Si—O-Si bond upon electron capture [37],
a phenomenon observed in ammonia (NHj3) annealed SiC
trench MOSFETs [38]. Compared to devices annealed with
nitric oxide (NO), those treated with ammonia exhibit addi-
tional trap-assisted leakage paths [38]. The conduction current
described by the Poole—Frenkel (PF) equation is given by the
following equation [39]:

E, —q«/qux/ne) ©)

kT

where E, represents the thermal activation energy, typically
a few tenths of electronvolts. Fig. 6 shows the temperature
dependence of gate leakage current components, including
the PF current and FN tunneling current, measured from
—150 °C to 150 °C [39]. Below —75 °C, the pure FN current
dominates as the PF current decreases significantly, and the
overall leakage current becomes independent of temperature.
However, at higher temperatures, the PF current increases and
contributes to the total leakage current, indicating that relying
on room temperature data alone can lead to an underestimation

Jpr X exp(—

10° —
on: 7.4 MV/em
g Measured
2 10—6 i leakage current
: Estimated
.‘5 leakage current
=
5 -
2 7
s 10 1
@ LI ’ Estimated
5 '/ FN current
O Estimated /
PF current /
10_8 1 1 l/ 1 1 1
-150 -100 -50 0 50 100 150

Temperature (°C)

Fig. 6. Temperature dependency of measured gate leakage current
and calculated PF/FN current [39].

of the FN tunneling barrier height [39]. The purpose of
applying this model is not merely to “curve-fit” the TDDB
data but to provide a physical explanation for extrinsic failures
and leakage currents at intermediate fields (Eox & 5 MV/cm)
[37]. For instance, the lucky defect model, based on TAT,
successfully explains the anomalous early TDDB failures
observed in SiC power MOSFETs [40].

5) Summary: Table 1 summarizes the key characteristics of
various TDDB models, including the underlying field and tem-
perature dependencies, and conduction mechanisms to drive
the breakdown processes. Each model has its strengths and
weaknesses, with the combined E and 1/E model offering a
more comprehensive description of experimental observations,
yet still requiring refinement for precise predictive capabilities.

B. Temperature Dependency

Temperature significantly impacts the breakdown process
in TDDB tests. Measurements conducted under constant
field stress at temperatures ranging from 150 °C to 300 °C
reveal that both In(7gp) and the acceleration factor y are
linearly proportional to the reciprocal of temperature [41].
It is well documented that Tpp decreases with increasing
temperature [41], [42]. The temperature dependence of each
component of the gate leakage current has been extensively
reviewed.

Temperature tests on I versus Ve characteristics illustrate
the impact of temperature on leakage current [43], [44].
Measurements conducted up to E,x = 8 MV/cm across tem-
peratures ranging from 25 °C to 300 °C reveal that the FN tun-
neling current exhibits minimal temperature dependence [44],
[45]. However, the tunnel barrier ®p decreases from 2.7 to
2.44 eV for nMOS and from 1.4 to 0.86 eV for pMOS [44],
which is also supported in [22]. This reduction in the tun-
nel barrier at higher temperatures facilitates an increase in
electron-induced FN tunneling current and enhances the gen-
eration of hot electron—hole pairs in the polygate. At lower and
intermediate electric field ranges, the electron hopping con-
duction (occurring under E,x = 2 MV/cm) and electron direct

Authorized licensed use limited to: TU Delft Library. Downloaded on December 23,2024 at 12:32:32 UTC from IEEE Xplore. Restrictions apply.
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TABLE |
SUMMARY OF BREAKDOWN MODELS

TDDB models E model 1/E model E+1/E model Trap assist tunnel model
Mechanisms Thermochemical  Hole induced defect generation Combined Percolation path through traps
Conduction Bond stretch FN tunnel Combined PF tunnel
Driven Field Field and energy Field and energy Field
Field dependent Yes Yes Yes Yes
Temperature dependent Strong Weak Yes Yes
Explain polarity No Yes Yes ?
. . 13
tunneling (occurring between E,x = 2 MV/cm and E,x = 6, 125 i
. =  12.5 tox, Ecri
5 MV/cm) are dramatically enhanced at 300 °C [44], [46]. Epnl (tox, Ecrit) |
The strong temperature dependency in gate leakage current E o 231124 29]
complicates the accurate prediction of useful remaining life- g1y
time. In the E model, the acceleration factor y is linearly E«m» (25.7,9.36) 146]
related to the reciprocal of temperature, and the activation £ o
energy of oxide traps follows the Arrhenius temperature 5 ol 18,0423 N> 8D 46l .(69,8.8) 13]
. . . . = (69, 8.61) [46]
dependency. [4}1], [4.17].. The A@hemus behavior is typically 3 B t
observed within a limited electrical field (Eox = 7 MV/cm) z 8¢ .
90.5, 7.
and temperature (usually below 200 °C) [46]. Conversely, , | ‘ | oo
in the 1/E model, the charge to breakdown (Qpp) also 0 20 40 60 80 100

exhibits a negative temperature dependence. For instance,
as the temperature increases from 25 °C to 300 °C, Qgp in
nMOS decreases from 81.61 to 0.59 C/cm2, while in pMOS
devices, it drops from 3.04 to 0.23 C/cm? [44].

C. Process Dependency

Accurately predicting the lifetime of gate oxides requires a
deep understanding of the fabrication process and its depen-
dencies. In this section, the recent developments that have
contributed to advancements in channel mobility and interface
trap density are reviewed, making them relevant to industry
and academia.

1) Oxide Geometric Parameters: Oxide thickness is a cru-
cial factor in gate oxide reliability, as the time to breakdown
(Tsp) is influenced by the generation of bond breakages and
defects within the oxide, which eventually form percolation
paths that lead to the leakage current conduction [48]. The
formation of these percolation paths is dependent on oxide
thickness. Fig. 8 shows the relationship between normalized
breakdown time and electrical field for oxide thicknesses
ranging from 7.6 to 44 nm [49]. The data indicate that
oxide thickness between 7.6 and 13.6 nm exhibit similar
slopes, while f,x > 22.5 nm show proportionally increased
slopes. Fig. 7 presents the critical breakdown field (E.), the
electric field required for impact ionization, across various
oxide thicknesses [13], [26], [29], [50]. Thin-film gate oxide
demonstrate E > 9 MV/cm, which varies significantly with
oxide thickness [13], [29], [49]. In thicker gate oxide, electrons
have a greater distance to accumulate kinetic energy, thus
facilitating impact ionization [26]. While early studies focused

tox [nm]

Fig. 7. Critical electrical field as a function of gate oxide thickness.
At least Eox > 9 MV/cm is required for the electron to gain sufficient
energy to trigger FN tunneling, in which impact ionization happens.

on ultrathin SiO, films in silicon devices [51], there are fewer
models addressing these phenomena in SiC devices.

In Fig. 8, a noticeable nonlinearity appears in the Weibull
plots when the stress exceeds 35 and 36 V [49]. This
nonlinearity is attributed to the nonuniformity of the gate
oxide [52], which arises from thermal oxidation processes
and is further exacerbated by nonuniform breakdowns [52],
[53]. Such nonuniformity distorts the SiO, lattice, contributing
to increased leakage currents [52], [53]. In addition, the for-
mation of percolation paths is a statistical phenomenon, with
breakdown time being influenced by the device area. Smaller
device areas tend to have fewer percolation paths, impacting
the breakdown characteristics. For instance, it was reported
that a device with the smallest size of 0.2 mm? exhibited the
highest critical breakdown field (Eox > 9 MV/cm) [54].

2) Oxide Materials: The use of high-k insulation layers
has been proposed to enhance the reliability of the gate
oxide. According to Gauss’s law, the electrical field within
the SiO, layer is intensified by a factor of €nigh.k/€sio, com-
pared to that within the high-k material itself. Consequently,
high-k insulators can reduce the electrical field and oxide
thickness. Hino et al. [S5] demonstrated the metal-organic
chemical vapor deposition (MOCVD) to form Al,O; on a
SiC lattice resulted in peak mobility of 64 cm?.V~!'s™!
at 190 °C and 14 cm?-V~'s7! at 230 °C in AL Os/SiC
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Fig. 8.  Effect of the gate oxide thickness under constant electrical

field test, where the normalized breakdown time with respect to the
electrical field is plotted. Thin-film gate oxides have identical slope
means indicating strong impact ionization [49].

MOSFETs. An improved method involves applying atomic
layer deposition (ALD) to deposit a thin SiO, layer between
SiC and Al,Os. The benefit is that no abrupt interface between
Si0, and Al,O3 was observed [56]. Using this structure, the
channel mobility was boosted to 284 cm? - V-Is~! [55].

Materials with high dielectric constants, such as aluminum
oxide (Al,0O3), which has a dielectric constant of approx-
imately 8-10, are particularly appealing for gate oxides.
Generally, materials with high dielectric constants tend to
have smaller bandgaps and small conduction band offset
(AE,) between gate oxide material and SiC [57]. It leads
to a large leakage current, suggesting a tradeoff between
high-k and AE.: Al,03/SiC (AE, = 1.76 eV) compared
with Si0,/SiC (AE. = 1.9 eV). The aluminum oxynitride
AION/SiO, stacked gate dielectric in SiC planar and trench
MOSFETs has demonstrated [58]. The AION has a bandgap of
6.23 eV and AE, = 2.42 eV; as a result, it achieved a reduced
flat-band voltage shifts and gate leakage current compared with
Al O3 gate [58].

3) Oxidation Conditions: In the conventional process, the
gate oxide is processed by either wet or dry oxidation and
then followed by nitridation [59], [60], [61], [62], [63] The
peak channel mobility is even less than 10 cm?.V~!s~!
without NO/N,O annealing due to high interface trap density
(more than 3 x 102 cm™2.eV~1) at E. — 0.2 eV [59], [60].
Although the nitridation process is commonly employed, the
peak channel mobility is still around 30 cm? - V~'s~! [59],
[60], [61], [62], [63]. It was proved that H, etching the
SiC surface before oxidation can improve the smoothness
effectively [64], [65]. Mikami et al. [66] and Tachiki et al.
[67] proposed oxidation-minimizing process (H,-CVD-NO):
H, treatment is performed under 1350 °C in 8 min before
plasma-enhanced chemical vapor deposition (PECVD) and
NO annealing. Compared with the devices with dry oxidation
without H, etching, the interface trap density reduces from
2 x 10" to 7 x 10" ecm™2-eV~! at E.—0.2 eV, and
the peak channel mobility increases from 25 to more than
40 cm? - V- 1s~! [67].

4) Annealing Conditions: Compared to Si, most defects in
SiC gate oxides arise from oxygen deficiency during thermal
oxidation. Introducing additional oxygen atoms into defect
precursors, such as weak Si—Si bonds, has proven to be an
effective method for mitigating gate oxide defects caused by

Fig. 9. Channel mobility improvement of SiC MOSFETSs, from less than
10 to 284 cm2 . V~1s~1 [55], [60], [70], [71], [72], [73].

this deficiency. NO annealing has become a widely adopted
technique in the production of SiC devices, particularly due
to its impact on improving MOS interface properties. This
process leverages annealed nitrogen (N) atoms to neutralize
activated oxide traps. Annealing in a NO environment is
particularly effective, significantly reducing interface traps by
an order of magnitude to less than 3 x 10'! ¢ eVl
and increasing channel mobility to around 30 csz Is~!
[59], [60]. In addition, the annealing process of N, and N,O
also attracts attention. A 3-h N,O annealing under 1200 °C
reduces the interface trap density to 1 x 10> cm™2.eV~!
[61], [62]. Ultrahigh-temperature annealing in N, ambient
also shows potential in channel mobility optimization [63],
[68]. The 2-8-h O, pre-annealing was performed upon CVD
deposited oxide layer and then followed by N, annealing in
1300 °C [68]. They achieved a peak channel mobility of more
than 50 cm? - V~!s~! with interface trap density less than
5x 10" ecm™ - eV~! [68].

Various annealing environments have been explored to
enhance channel mobility and improve the interface quality
of SiC MOSFETs. Oxygen plasma re-oxidation annealing,
in particular, has been reported to effectively eliminate carbon-
and Si-related defects. The devices with oxygen plasma
treatments under 500 °C, 800-W plasma power, and 120-
sccm oxygen flow rate have achieved a high breakdown
field of 12.40 MV/cm, a moderate interface trap density of
7.2x 10" cm=2.eV~! at E. — 0.2 eV, and improved voltage
stability in C—V measurements [69]. The Si-rich region, often
regarded as an indicator of gate oxide quality, was reduced by
0.1 nm after a 10-min oxygen plasma annealing process, fur-
ther indicating the effectiveness of this treatment in enhancing
the quality of SiC gate oxides [69].

The atomic structure of the SiO,/SiC interface can be
optimized by annealing in a nonnitride ambient. Annealing
with CO, environment improves both the breakdown field and
the flat-band voltage shift by recovery of oxide vacancies [74].
During thermal oxidation, CO, and carbon monoxide (CO)
molecules are released and can become trapped in the gate
oxide. If the partial pressure of CO, exceeds that of CO, the
CO, molecules can further oxidize the oxygen vacancies [74].
For example, devices that underwent post-nitridation annealing
in a CO, ambient demonstrated superior threshold voltage
stability [75]. In addition, annealing in a phosphorus oxychlo-
ride POCI; environment has been shown to significantly boost
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channel mobility. Okamoto et al. [71] achieved a mobility of
89 cm?’V~!s~! by using this method, reducing the density
of interface states near the conduction band edge to less
than 10'' cm~2 . eV~!, which is an improvement over the 3—
4 x 10" ecm™2 - eV~! typically observed after NO annealing
alone. However, this approach introduced challenges, such as
threshold voltage instability and increased gate leakage current
due to the formation of phosphosilicate glass, which can trap
negative charges [62]. Okamoto et al. [72] further advanced
this work by using boron passivation to relax interface stress
and reduce defect density to approximately 10'© cm™2 . eV~!,
achieving a peak mobility of 102 cm? - V~!s~!. Remarkably,
when boron diffusion was combined with rapid thermal oxi-
dation in a N,O environment, peak channel mobility was
further enhanced to 160 cm? - V~'s~! [73]. However, at high
temperatures, boron can activate mobile ions, leading to
unexpected threshold voltage shifts [76]. In addition, boron-
related processes can contribute to bias temperature instability
(BTI), as boron directly captures charges from the channel and
indirectly facilitates charge trapping [77].

Fig. 9 demonstrates how mobility improves with different
processing techniques. However, it is important to note that
higher mobility can sometimes come at the expense of long-
term reliability. However, the annealing conditions must be
carefully managed, as improper conditions can introduce addi-
tional defects. For example, overannealing might introduce
more defects compared to annealing in an argon environ-
ment [78]. The annealing time is also a crucial factor in
determining the reliability and performance of the device.
In a comparison of I versus Vg, characteristics and [,—t
during CV TDDB tests [79], devices that underwent heavy
NO annealing (1250 °C for 60 min) exhibited shorter time-to-
breakdown Tpp and higher gate current than those that were
lightly annealed (1250 °C for 10 min). This reduction in Tgp
is attributed to hole trapping during the annealing process,
which weakens the Si—N bonds and leads to the formation of
a Si—-C-N-O interlayer around the Si atoms [78], [79], [80].

5) Fabrication Process Summary: Table II summarizes the
recent developments, including annealing conditions, oxida-
tion, interface trap density and achieved peak channel mobility
that have contributed to academia and industry.

[1l. DEFECTS AND FAILURE MECHANISMS

Defect formation at the atomic level can be better under-
stood through the lens of nanoscale physics and chemistry.
As depicted in Fig. 10, the band diagram highlights the failure
locations and corresponding mechanisms associated with the
Si0,/SiC interface and gate oxide. These mechanisms include
the formation of interface traps, oxide traps, mobile charges,
and fixed charges. This article provides an extensive review of
two primary types of physical defects: 1) interface traps and 2)
oxide traps, offering both theoretical models and experimental
observations to explain the nature and impact of these intrinsic
defects.

A. Interface Traps

The interface traps on 4H-SiC, illustrated as Fig. 10(b), are
primarily associated with carbon-related defects resulting from

Polysilicon Oxide 4H-SiC

Electron trap
Hole trap
Electron
Hole
Interface trap
NIOT

® O xo e DO

Fixed charge

Ttansition layer

Fig. 10.  Charge transportation and defect distribution in SiO»/SiC
interface and gate oxide, with all defects labeled in the band diagram.
Ec, E,, and Erg represent the edge of the conduction band, valance
band, and the Fermi level of polysilicon and SiC, respectively.

deficient oxidation. These defects significantly reduce channel
mobility due to interactions between interface traps and hot
electrons [84], [85]. Specifically, the mobility of the dry oxide
channel is found to be less than 10 cm? - V~—!s~! [70]. This
reduction in mobility is attributed to the capture of electrons
by nanochemical defects at the SiO,/SiC interface, which in
turn enhances Coulomb scattering within the channel. Two
primary types of defects have been identified at the SiO,/SiC
interface: 1) active carbon clusters or graphitic regions and 2)
the transition layer.

During the thermal oxidation of SiC, oxygen atoms substi-
tute carbon atoms within the SiC lattice, leading to the release
of CO molecules. However, some high-energy carbon atoms
become trapped at the SiO,/SiC interface, which further dete-
riorates the integrity of the SiO, network. Early experimental
findings attributed the high defect density in SiC devices to
the presence of “graphite-like” structures and oxygen-deficient
carbon clusters [84], [86].

The energy positions of these carbon clusters have been the
subject of extensive research [84]. Specifically, the clusters
with Sp, bonds have energy levels that range from the valence
band edge up to the midband, while the graphite-like clusters
are spread throughout the bandgap [84]. The capture of elec-
trons by these trap states is contingent on whether the trap
states are above the Fermi level, which in turn influences the
probability of their occupancy [87]. The interface state energy
level, denoted as E,, has been estimated to be approximately
3.5 eV below the conduction band of SiO, [87]. Under a
certain electrical field, electrons from the SiC bulk can flow
into these interface traps when the Fermi level in SiC Egg sic
drops below E,. This condition can be achieved by varying
the magnitude of the applied stress or by altering the lattice
temperature.

Transition layers between the SiC lattice and the SiO;
layer can form when there is an excess of carbon atoms,
particularly under conditions of oxygen deficiency. In such
scenarios, a carbon atom bonded to three carbon neigh-
bors and one oxygen neighbor is often unstable due to
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TABLE I
SUMMARY OF FABRICATION PROCESS TECHNOLOGY OF SiC MOS DEVICES

Oxidation Annealing Di; at Ec-E (cm™2eV~1)  Channel mobility (cm?V~1s~1) Ref
o NO @ 1175°C + 2h — 25-47 [59]
Wet oxidation Without NO annealing — 5-14 (59]
Without annealing 3 x 1012 @ 0.2eV less than 10 [60]
NO @ 1175°C + 7.5min 1x 1012 @ 0.2¢V less than 30 [60]
NO @ 1175°C + 30min 8 x 1011 @ 0.2ev around 35 [60]
NO @ 1175°C + 4h 3 x 1011 @ 0.2ev around 45 [60]

N>O @ 1200°C + 3h 1 x 1012 @ 0.2¢V 20-25 [61, 62]

B 2

Dry oxidation N3 @ 1300 °C + 30min 3x 1012 @ 0.2ev — [63]
N2 @ 1350 °C + 30min 3% 1012 @ 0.2eV — [63]
N2 @ 1400 °C + 30min 1 x 1012 @ 0.2¢V — [63]
Ar @ 1500 °C + 5min 1.5 x 1012 @ 0.2eV less than 10 [81]

POCI3 @ 1000 °C + 30min 1x 10 @ 0.2eV 89 [62, 71]
BN diffusion @ 1150 °C + 10min 1 x 10! @ 0.2ev 102 [72]
Ny @ 1400°C + 30min 1 x 10'2 @ 0.2eV — [63]
RTO in N2O BN @ 1150°C 1 x 10t 160 [73]
NO @ 1250°C + 1h 1.5 x 101! — [82]
Ny @ 1250°C + 1h 3 x 1012 — [82]
PECVD N,O @ 1300°C 2 x 1011 — [83]
Ar @ 1300°C 2 x 1012 — [83]
MOCVD of Al,O3 — @ 1700°C — 284 [55]

(a) (c) Si atom
O at
Hole trap / Extra O atom ; . :t::
Electron trap
Oxide_ _ _ _ _S—_\__  ____NC__|_ ______ o N_______
SiC
Interstitial C atom Shared C-C bond
Fig. 11.  Atomic view of the carbon clusters near the SiO»/SiC interface. (a) Long C—C bond with higher energy is metastable. (b) Carbon atom

activated to the oxide side releases energy to reach the lowest energy and form a hole trap. An extra oxygen atom inserted in (c) makes the C atom

unpaired and forms an electron trap. Reproduced from [86].

the presence of long carbon—carbon (C-C) bonds [86].
This instability can lead to the formation of various
defect states, which can transition into electrically active
traps.

The transformation process of a metastable neutral defect
into an electrically activated trap is depicted in Fig. 11.
In Fig. 11(a), interfacial carbon atoms in the SiC lattice share
unstable C-C bonds. This configuration is prone to losing
energy and transitioning into a different structure. Fig. 11(b)
shows the configuration after this energy loss, where the
excess carbon atoms on the oxide side settle into a low-
energy state, becoming capable of capturing holes. In another

stable configuration, shown in Fig. 11(c), an extra oxygen
atom is inserted, which creates a site capable of capturing
an electron. This demonstrates that the SiC lattice and the
Si0, layer are not strictly separated; instead, excess carbon
atoms tend to form a stable intermediate Si—O-C interlayer.
This phenomenon has been observed using angle-resolved
X-ray photoelectron spectroscopy, which revealed the forma-
tion of such interlayers [88]. Eventually, these metastable
carbon-related defects transition into a stable Si,C,0O; layer,
which is typically only 1-2 atomic layers thick. This transition
layer can be detected by microscopic Z-contrast imaging of
the SiC/SiO, interface, providing insight into the atomic-scale
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Fig. 12.  Formation of oxygen vacancy. In Step 1, the electrical neutral structure in (a) capturing electrons or holes transfers to charged vacancies
in (b). In Step 2, structure in (b) is activated by hole injection during NBTS. The structure in (c) is flexible and further deforms the silicon dioxide

network. Reproduced from [94].

interactions that contribute to defect formation and device
degradation [86].

B. Oxide Traps and Gate Oxide Failures

The oxide traps are defects located within the oxide layer,
close to the SiC/SiO; interface, in a region shallow enough to
easily capture or tunnel charge carriers from the interface and
the channel, as illustrated in Fig. 10(c) [89]. Near-interface
traps reside within the oxide, close to the interface, and
primarily affect the long-term reliability of the device by
contributing to charge trapping and detrapping, impacting
BTI [90] and long-term threshold voltage shifts [91]. Interface
traps, on the other hand, located at the SiC/SiO, interface,
directly interact with the channel carriers, leading to mobility
degradation [84], [85], threshold voltage instability [92], and
increased subthreshold slope [93].

The formation and origin of these oxide traps have been
extensively studied, with research focusing on the various
microscopic processes involved in oxidation and the physical
nature of the resulting defects [94], [95], [96], [97], [98],
[99]. Several types of intrinsic oxide defects can form during
thermal oxidation, each contributing differently to the device’s
behavior. Below is a brief description of the key defect types:
silicon interstitial (Si;) [95], carbon dimer interstitial (C; = C;)
[95], carbon dimer interstice oxygen O (C, = C,) [96], and
O vacancies (known as E’ precursors) [94]. Efforts to miti-
gate these defects through optimized oxidation processes and
post-oxidation treatments are key areas of ongoing research in
the field.

Insufficient oxidation leads to the aggregate of silicon atoms
near the interface, resulting in a high density of Si atoms
replacing oxygen atoms. The interstitial defects, denoted as
Si;, shift toward oxygen atoms, altering the bond angles.
Defects with a larger O-Si—O angle are particularly effective
at capturing electrons [97]. These Si; defects adopt a threefold
coordination, enabling the trivalent oxygen atom to donate
electrons.

Carbon-related defects in the oxide are significant because
carbon atoms can form carbon dimers, which act as acceptors
by capturing holes from the SiC lattice [95], [97]. However,
carbon dimers are metastable, particularly in the presence of
neighboring oxygen atoms. When a carbon dimer captures
four electrons, it can reconstruct into C, = C,, releasing a
negatively charged oxygen interstitial (O?~). These metastable
structures are sensitive to applied stresses; under positive
stress, carbon dimers readily capture electrons from the con-
duction band [95], [96]. The system eventually reaches a

steady state when no oxygen neighbors are present near the
carbon dimer

(C=C)'+4e” = (C,=C,)"+2072%  (10)

Oxygen vacancies play a critical role as precursors in the
formation of oxide defects under various bias conditions.
As illustrated in Fig. 12, injected holes can transform neutral
oxygen vacancies O3 = Si = Si = O3 (V°) into positively
charged V* centers (O3 = Si+ - ---Si = 03) [94]. Following
this transformation, additional ionization can lead to two
possible configurations based on the VT centers: V2 and
V2*, which differ in the initial Si-Si distance and positions
after hole capture [94]. The formation of double-ionized oxide
vacancies, or E’ centers, causes significant mismatches in
the silicon dioxide network. These E’ centers, detected using
electrically detected magnetic resonance (EDMR) measure-
ments [98] are formed when high-energy holes are captured by
weak Si—Si bonds, with an activation energy of approximately
1.1 eV [99]. Consequently, E’ centers act as hole traps [94].

The threshold voltage reflects the presence of trapped
charges and often serves as an early indicator of gate oxide
degradation. This can result in a threshold voltage shift (A Vy,)
[100], C-V curve shift [101], and hysteresis [102]. Threshold
voltage shifts can be measured by comparing conditions before
and after stress application or by altering the measurement
conditions. The variation in threshold voltage due to defects
inside the gate oxide Q. and interface Dj is expressed as
follows [103]:

Oot 4 q Dy
COX COX

where Cox represents the gate oxide capacitance measured
in accumulation mode, g is the elementary charge, and Vo
stands for the threshold voltage without any defects. Threshold
voltage instability is highly sensitive to measurement condi-
tions, so the sweep rate and direction of measurements must
be carefully controlled. For example, experimental data show
that a slow sweep rate (1-s sweep time) results in smaller
threshold voltage instability (AVy, = 0.4 V) compared to a
fast sweep rate (10~* s) after applying positive stress. This
difference arises because slower measurements allow sufficient
time for neutralization and recovery of charged near-interface
oxide traps (NIOTs) [104].

The activation energies of traps vary depending on their
energy level. Charge trapped in deep states can only be acti-
vated under high-magnitude, long-duration stress tests. At low
and medium electrical fields [91], electron trapping in NIOTs

Vin = Vino — (11
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TABLE IlI
SUMMARY OF FAILURE MECHANISMS OF SiC MOS DEVICES

Failure locations Defect origins Experimental supports Dj; at Ec-E (cm—2eV—1) Ref

Interface traps C-V + thermal relaxation 5x 1012 @ 0.2eV [108]

Microscopic Z-contrast image 1x 10 @ 0.2eV [86]
Transition layers Angle-resolved x-ray photoelectron spectroscopy 6 x 10! @ 0.2eV [88, 109]

electron-energy-loss (EELS) — [86]

Near interface

Carbon clusters IPE current 8 x 1012 @ 0.2eV [84, 110]

T Small Weibull slope + short tgp + anomalous Ig 2 x 1012 @ 0.2eV [79]

Heavy nitridation Worse — AV, o [92]
Si; DFT calculations 5x 1012 @ 0.2eV [95, 96]

Oxide EPR — [94]

E Arrhenius plot + AVyy, — [99]

centres Holes injection current 2.5 x 1012 @ 0.2eV [78]

Electron spin resonance 8 x 1011 @ 0.2ev [80]

induces a positive threshold voltage shift. However, under
large magnitude stress (430 V) [105], the hot holes generated
at the polysilicon surface lead to impact ionization [106].
These hot holes are subsequently trapped by oxygen vacancies
in the gate oxide, resulting in a negative AVy,, even under
positive stress [107].

C. Failure Mechanisms Summary

Table III provides an overview of the causes of device
failure and the underlying microscopic physics. Key con-
tributors to device failure include interface traps and oxide
traps. Interface defects, which significantly degrade oxide near
the interface, are primarily attributed to transition layers and
carbon clusters at the SiO,/SiC interface. The formation of
oxide traps is influenced by interstitial atoms and vacancies
within the silicon dioxide network. These defects often form
metastable structures that produce E’ centers, which have
a strong propensity to capture holes. Understanding these
failure mechanisms is crucial for improving the reliability and
performance of SiC-based devices.

IV. CONCLUSION

In summary, understanding dielectric breakdown in gate
oxides is crucial for predicting the reliability of semiconductor
devices. The E model, 1/E model, and TAT model each
offer distinct perspectives on breakdown mechanisms and
have their respective strengths and limitations. The E model
emphasizes the role of electric fields in driving the ther-
mochemical degradation of the oxide, where the breakdown
time exhibits an exponential dependence on the electric field.
This model is useful for understanding breakdown under CV

but may overestimate lifetime predictions. The 1/E model,
focusing on charge injection and tunneling effects, provides a
different perspective by considering how conduction current
and injected charges contribute to breakdown. This model
is advantageous for explaining observed polarity effects and
discrepancies in breakdown data. The combined E + 1/E
model proposes a more comprehensive approach by integrating
both field- and charge-driven mechanisms. This hybrid model
acknowledges that both the electric field and charge injection
play roles in oxide degradation, offering a more nuanced view
that can be applied across a broader range of conditions.

A comprehensive understanding of defects at the atomic
level in semiconductor materials, particularly in the context of
Si0,/SiC interfaces and gate oxides, reveals crucial insights
into device performance and reliability. Near-interface oxide
traps are primarily influenced by carbon-related defects, which
arise from incomplete oxidation and result in reduced channel
mobility. The formation of active carbon clusters and transition
layers leads to the capture of electrons and enhancement of
Coulomb scattering. Oxide traps, including silicon interstitial,
carbon dimers, and oxygen vacancies, can capture or tunnel
charge carriers, affecting the flow of current and overall device
performance. The transformation of neutral oxygen vacancies
into charged states and their role as precursors in defect
formation highlights the complex interplay of microscopic
processes during oxidation.
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