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Abstract— Transistors employing silicon carbide (SiC) sub-
strates exhibit excellent electrical properties for high-voltage
power conversion applications. Even though the fabrication pro-
cesses of SiC transistors are continuously optimized the exploita-
tion of their full potential is still limited by a significant number
of defects. The defects can be generally classified into interface
states and oxide traps, and are responsible for degradation of
device performance over time. In principle, by exchanging a
carrier with the conducting channel, the defects can perturb the
surface potential, alter the threshold voltage, and thus affect the
current flux through the channel. It has been observed, that the
altering of the threshold voltage is more severe for SiC devices
than it is for conventional Si transistors. In order to collect
measurement data different characterization methods and the
respective consequences for charge trapping considering planar
SiC MOS transistors are discussed. To describe the observed drift
of the threshold voltage charge trapping of individual defects is
considered and described using the non-radiative multiphonon
model. Finally, a brief summary of possible defect candidates
which have been discussed in the literature is given.

I. INTRODUCTION

Transistors fabricated on substrates utilizing wide-bandgap
materials such as gallium nitride (GaN) or silicon carbide
(SiC) have shown a lot of promise for high-voltage applica-
tions [1, 2, 3, 4, 5]. In particular, a lot of effort has been
put into the development of SiC metal-oxide-semiconductor
(MQOS) transistors as they provide (i) a much lower specific
on-resistance for a given blocking voltage and (ii) can operate
at higher temperatures compared to conventional Si transis-
tors [4]. The advantages of SiC based MOS transistors arise
from the superior properties of SiC, such as high breakdown
voltage, large bandgap, and high thermal conductivity, see
Table I. Furthermore, compared to GaN or other wide-bandgap
materials SiC has the ability to form silicon oxide (SiO;) as
its native oxide, which makes SiC even more attractive for
the fabrication, as the electrical properties of SiO, have been
extensively studied for many decades for Si technology. Note
that crystalline SiC can be grown in several polytype vari-
ants, amongst which the 4H-SiC polytype is mainly used for
power devices as it shows the highest electron bulk mobility
among all polytypes. This polytype is commonly referred to
throughout this work when considering SiC devices.

A. Device Structures

Typical device structures for MOS transistors are shown in
Figure 1. The planar MOS structure has been used during
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Property Si 4H-SiC unit

Eg bandgap at T =20°C 1.12 3.26 eV

Vsat saturation velocity 1.0 2.2 107cms™!

verit  critical electrical field 0.3 2.8 MV cm™!

& relative permitivity 11.7 9.76 1

Un  bulk electron mobility 1500 1200 cem?V-lg7!

Up bulk hole mobility 480 120 v-!

Kih thermal conductivity 1.5 49 Wem— ! K!
TABLE I: The material parameters of Si and 4H-SiC showing the superior

properties of SiC for power MOS transistors [7].

the development of the fabrication process and to analyze
interface/bulk carrier mobility where dedicated hall structures
are employed. Also charge trapping has been analyzed in such
structures, though planar MOS transistors are not considered
for commercial SiC power devices. As the blocking voltage
of planar devices is determined by the bulk doping and the
distance between the drain and source contact, devices with
high blocking voltages would require a very large chip area.
For power MOS transistors typically DMOS transistors, as
shown in Figure 1(b), have been used. The on-resistance
of such a SiC DMOS transistor is basically determined by
the channel resistance due to the typically lower electron
mobility than in the drift region. To further reduce the channel
resistance without the need to increase the required chip area
so called trench MOS transistors, i.e. vertical MOS transistors,
can be used, see Figure 1(c). One big advantage of trench
devices is that the conducting channel can be fabricated to
be aligned along a-face plane, which exhibit higher electron
mobility than channels aligned along the Si-face plane [6].
As in Si MOS transistors, the performance of SiC transistors
is seriously affected by defects which can be located in the ox-
ide and at the oxide/semiconductor interface, see Figure 1 (red
symbols). Although the fabrication of SiC MOS transistors is
to some extend compatible with the well-established processes
used in Si technology, both the standard thermal oxidation
process on SiC and the deposition of the oxide on SiC results
in a considerably increased number of interface states as
compared to the thermally grown SiO, on Si substrates. By
introducing a post oxidation anneal (POA) in nitric oxide
(NO), the electrical properties of the SiO,/SiC interface have
been significantly improved, enabling commercial available
SiC MOS devices [8, 9, 10, 11, 12, 13]. However, the channel
mobility observed for these devices is still significantly lower
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Fig. 1: The (a) planar MOS structures have been used to develop the
fabrication processes, and to study the impact of annealing processes on the
carrier mobility. In order to increase the blocking voltage and the current rating
of the devices at reasonable chip area lateral device structures like (b) DMOS
transistors and (c) trench devices are commonly used in power electronics. In
all three device structures the active channel area is marked by the position
of possible defects leading to a drift of the threshold voltage during operation
are highlighted.

than the bulk mobility. Further improvement of the channel
mobility has been achieved by using NHz for POA [14],
where an improved mobility in the range of y =50-60 cm?/V's
(u =35 cm?/Vs for NO annealed samples [15]) could be
observed [16].

B. Characterization of Devices and Defects

The overall performance of SiC transistors has been signifi-
cantly improved over the last years, but their characteristics is
still affected by a number of existing defects. For SiC devices a
defect density in the range of Nj, ~ 10'> — 10'3cm™3 has been
reported [8], which is about a factor of hundred higher than in
Si devices where values in the range of Nj; ~ 10! —10'lecm 3
are typically observed. The higher observed defect density is
consistent with recent reports where the hysteresis of voltage
sweeps [17] and BTI [18] have been investigated. To charac-
terize the hysteresis of a device a voltage sweep measurement
is performed at a constant sweep rate and the drain current is
recorded. Particularly in the case of SiC transistors an almost
fully recoverable variation of the shift of the threshold voltage

of more than 1V can be observed for these measurements [17].
To characterize BTI, a constant voltage is applied at the gate
terminal of the transistor and the drain current through the
transistor is measured over time. The so observed drift of the
current can afterwards be converted to an equivalent drift of
threshold voltage. To accelerate BTI degradation for the sake
of enabling characterization within reasonable measurement
times typically large gate biases which are significantly higher
that nominal operating voltages are applied. By doing so drifts
of the AVy, of SiC devices can be studied efficiently [18,
19, 20]. Both observations, hysteresis of voltage sweeps and
BTI, can be attributed to repeated charging and discharging of
interface states and oxide defects, which is discussed later in
more detail.

For a defect to be able to affect the behavior of a tran-
sistor its charge transition level (CTL), or at least one of its
CTLs if several exist, must lie in the so-called active energy
region (AER) of the respective operational case. Considering
measure-stress-measure (MSM) experiments a defect can be-
come charged if its CTL is shifted below the Fermi-level of the
channel during the stress phase, i.e. the phase when typically
a high bias is applied at the gate. After switching the gate
bias back to a value around the threshold voltage Vi, of the
device, the defect can emit its charge if its corresponding CTL
is shifted above the Fermi-level of the channel. During the
phase in which a low gate bias is applied typically a drift of
the current can be observed, which is due to the superposition
of charge capture and emission events of a large number of
single defects. The limits for the energetic area covered by the
AER is determined by the breakdown field of the oxide.

Next to altering of the threshold voltage leakage currents
through the insulator can provide important information on
the defect density. To measure such currents gate voltages
fairly exceeding the nominal device operating conditions have
to be applied. Quite recently leakage currents have been
studied for SiC MOS transistors considering NO and NHj3
POA anneal [16]. For NO annealed samples only gate leakage
current contributions from Fowler-Nordheim tunneling which
is dominating at high electric fields could be observed. But for
NH3 a small increase of the gate leakage at low fields might
give rise for trap-assisted-tunneling. Thus the advantage of the
improved mobility of NH3; annealed devices comes with the
disadvantage of an slightly increased gate leakage current.

C. Importance of Accurate Description of Device Behavior

A correct and consistent description of the above mentioned
reliability phenomena is generally important for the develop-
ment and simulation of integrated circuits [19]:

(i) Large device-to-device variation of the threshold volt-
age, defect density, and defect distribution can lead to
an unbalanced operation of SiC MOS transistor when
connected in parallel modules. This issues is even more
severe for SiC technology due to higher trap density
compared to Si devices.
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(i) The approximation
L
W,uncox (VG - Vth)

for the channel resistance R, reveals that a drift of the
threshold voltage can cause a significant change of the
on-resistance (Ron o< Rcp) too. As larger drifts of the
threshold voltage AVy, are observed for SiC transitors
than for Si devices [17, 18], considering a variation of
the channel resistance could be of interest for certain
applications.

A decrease of the threshold voltage below a certain
value can cause a parasitic turn-on which is detrimental
for the functionality of the circuit and for the power
consumption of the device and circuit.

Ren =~

(iii)

Furthermore, a reliable extraction of the device lifetime
under different operating conditions strongly relies on the
accuracy of the employed model. To describe the observation
mathematical formulas based on a power-law are often used.
However, in the general case of BTI the power-law is not
able to explain the saturation of the shift of threshold voltage
AVy, with increasing stress time, but converges to infinitely
large AVy, which makes the model non-physical [21]. Another
approach, which has been successfully developed to describe
charge trapping and BTI for Si devices, relies on the physical
modeling of charge trapping kinetics of individual defects
employing the non-radiative multiphonon theory [22, 23].
By considering the overall measured device degradation as
the superposition of many of such defects the bias- and
temperature dependence of the drift of the threshold voltage
can be nicely explained [18]. In the following, recent advances
in defect modeling and characterization will be discussed
followed by an overview of possible candidates for defects
in SiC transistors.

II. MODELING OF CHARGE TRAPPING IN MOS DEVICES

To explain charge trapping empirical models are often used
due to their simplicity. However, they can not explain the
intricate behavior of charge trapping. Another approach has
been proposed by Tewksbury [24] who has assumed elastic
tunneling between carriers from the substrate and defects in
the oxide as the origin for charge trapping. During an elastic
tunneling process the charge carrier does not change its energy,
i.e. the defect in the oxide has the same energy level as
the carrier in the channel. However, the charge transition
times from elastic tunneling are proportional to the trap depth
T o< exp(—x/xp) [25], and thus only a narrow distribution of
charge emission times can be described for devices with thin
oxides [26]. Also, elastic tunneling is inherently temperature
independent, and thus does not enable to describe the strong
temperature activation of charge trapping as well as the
asymetric stress and recovery behavior [27].

A promising modeling approach is based on a stochastic
charge trapping model considering the overall degradation
behavior of the device as the superposition of contributions
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Fig. 2: The two-state NMP model can be used to describe the charge trapping
dynamics of individual defects. In this representation where electron traps are
considered state 1’ refers to the ground state and state ’2’ is considered the
charged state. In order to capture a charge from a carrier reservoir, i.e. from
the conduction band, the carrier has to overcome a certain energy barrier €;,.
It has to be noted that the barriers for forward and backward transitions &,
and & depend on the applied gate bias, as the position of the trap level w.r.t.
the conduction band shifts with the gate voltage.

from a multitude of single defects. The charge trapping
kinetics of each defect is further described by the non-
radiative multiphonon (NMP) theory [28]. As computation of
the complex equation system of the NMP model for a large
number of defects contributing to the behavior of real devices
is very inefficient, the charge transfer transitions of the defects
are calculated from energy barriers which have to be overcome
to change the charge state, see Figure 2. The energy barriers
are derived from the intersection point of two parabolas which
approximate the potential energy surfaces for the two charge
states close to the defect site. As such, in this model each
defect is described by a two-state Markov chain, and in the
classical formulation the transition between the two states is
determined by the barrier height €, or & for charge capture
and charge emission, respectively. For an nMOS transistor,
state ’1’ can be considered as the minimum energy of an
electron dwelling in its reservoir, which is considered the
conduction band edge. State *2’ describes the minimum energy
of the carrier aside the defect itself, i.e. the so called trap-level.
The trap-level of a defect given by E; further shifts with an
applied gate voltage depending on the trap position

—q(Vo — ¥s)
ox
where s is the surface potential, xt is the position of the trap
referred to the interface, and Eyg is the trap level at zero gate

bias.

In principle, the two states of the model can be described by
a Markov chain, which assumes a memory-less system, i.e. the
charge transition depends only on the current state and not on
its history. By doing so analytical expression can be derived

Ey)(Vg) = xr+ETo )
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for charge capture and charge emission [22, 23]. To efficiently
simulate the impact of a large number of defects on the drift
of the threshold voltage AVy, a 1D compact physics modeling
framework (Comphy) has been recently proposed [23]. So far
Comphy has been used to explain BTI in Si technologies, but
has been recently extended to model charge trapping in SiC
transistors [18]. The computation of charge trapping relies on
the two-state defect model, and for the estimation of the trap-
depth dependent contribution of a defect AVy, ; Comphy makes
use of the charge sheet approximation
1
AVihi = —q—— (1

XT
- 2
Cox Tox )
with the elementary charge ¢, the oxide capacitance Co.
The total change of the threshold voltage AVy, can be finally
computed as the sum of contributions from a large ensemble of

defects. In the following section recent characterization results
and the respective modeling approaches will be discussed.

III. CHARACTERIZATION AND SIMULATION OF
SI1C DEVICE BEHAVIOR

The intuitively most straight-forward method to characterize
a device is to perform an In(Vg) sweep. However, already
during Ip(Vi) measurements a certain number of defects can
capture and emit their charge, perturb the surface potential
of the device and alter the device characteristics. In order to
provide a physical explanation of the behavior of the devices
under test the detailed knowledge of the entire measurement
history is essential. Considering the device history becomes
even more important the larger the number of defects which
contribute to changes of the device performance gets. With
high trap densities also challenges for simulations evolve. In
this case the simulations should preferably be carried out self-
consistently to consider the feedback of the trapped charge at
every simulation step to ensure high accuracy of the simulation
results.

Next to the device history, the timing of any sequence
and measurement delays are further crucial parameters for the
characterization of SiC transistors [29, 30]. Lelis et. al [31]
showed, that in the case of SiC devices, if the measurement
time for a voltage sweep is reduced from 1s to 20us the
measured threshold voltage Vi, can be by a factor of four
larger. The measurement delays can for instance be opti-
mized by increasing the sampling rate, i.e. increasing the
signal bandwidth. However, this also enhances the noise of
the recorded signals and reduces the measurement resolution
which adversely affects the accuracy of the extraction. But
employing an accurate description of the device behavior
can compensate for the lack in high speed measurements.
Furthermore, an accurate physical description of the device
behavior is essential to estimate the time-to-failure under
various operating conditions.

By extending the Ip(Vg) measurements with a subsequent
down-sweep of the gate bias to its initial value a significant
hysteresis of the transfer characteristic can be observed [17,

32, 33]. Another technique which is typically used to charac-
terize BTI relies on repeatedly applied stress-measurement cy-
cles with iteratively increasing stress time, so called extended
measure-stress-measure (eMSM) measurements [34]. By do-
ing eMSM experiments the drift of the threshold voltage AV
can be studied over time thoroughly. As previously mentioned,
for both techniques the exact timing of the experiments, and
measurement delays is of utmost importance as this can lead
to certain inaccuracies for the interpretation of the observed
degradation.

A. Voltage Sweep Measurements

In [35, 36] the deviation between real and idealistic device
In(Vi) characteristics of SiC transistors has been explained
considering interface traps modeled using the Shockley-Read-
Hall model. Furthermore, the temperature dependence of
Ip(Vg) curves measured in the range of 300K up to 500K
could also be nicely explained. For their simulations the
density of interface states has been considered consistently as
proposed by Afanas’ev et. al [37], which has been extracted
from deep level transient spectroscopy measurements, see
Figure 6 (column labeled Nj;). Later Tyaginov et. al [38]
showed that considering only the impact of interface states the
increase of the drain current measured in strong inversion of
the transistor towards higher temperatures cannot be explained
properly. They extended their simulation setup by two trap
bands, one donor trap band (= 1.36eV above SiC mid-gap)
and one acceptor trap band (=~ 0.06eV above SiC mid-gap)
which enabled the proper explanation of the temperature de-
pendence of the Ip(Vg) characteristics in the temperature range
of 200K to 350K. The charge transitions of the considered
border traps have been modeled employing the previously
discussed effective two-state NMP model. Furthermore, their
extracted trap-levels showed good agreement with CTLs of
nitrogen related defects NcVs; [39], see Figure 6.

B. Hysteresis Measurements

The sub-threshold hysteresis of the drain current of SiC
nMOS devices has been investigated in [17]. For this up- and
down-sweeps of the gate voltage have been measured without
any interrupt, considering a different rise and fall time for the
voltage sweep. It has been observed, that the width of the
hysteresis strongly depends on the low value of the gate bias
used for the sweep, see Figure 3. As can be seen, the more
negative the gate bias is the larger the hysteresis becomes.
This behavior can be explained by an increase of the AER for
charge trapping with decreasing gate bias. Furthermore, due
to different time intervals used for the up- and down-sweep
the traps have more time to capture a charge during the up-
sweep, as for charge emission during the down-sweep. As for
voltage sweeps typically a large AER for charge trapping is
being scanned, such measurements can be used to estimate the
border states within the band-gap of SiC. Next to the observed
dependence of the width of the hysteresis on the gate bias,
the width of the hysteresis tends to become constant when the
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Fig. 3: A series of up- and down-sweeps of the gate voltage have been
measured and analyzed in [17]. As can be seen, a clear hysteresis of the
voltage sweep characteristics can be observed. The width of the hysteresis
increases with decreasing gate bias, as the active energy region of the sweep
increases. In the inset, the band diagram with the AER (green) is shown.
The indicated trap bands for electron and hole traps have been extracted from
eMSM measurements in [18].

Fermi-level of the channel approaches the valence band of SiC.
Thus defects in the mid-gap of SiC are considered to affect the
hysteresis, while electron traps close to the conduction band
and hole traps close to the valence band of SiC are considered
to affect the mobility [17] and are responsible for a change of
the threshold voltage over time [18].

Rescher et. al further compared the hysteresis behavior of a
Si-face (planar) and an a-face (trench) MOS transistor. From
the more pronounced hysteresis of the trench transistor it can
be concluded that a higher border state density around the
mid-gap of SiC has to be present in these devices, compared
to the planar SiC MOS devices. However, the trench devices
exhibit a significantly higher mobility when operated in full
inversion. As the hysteresis has no major relevance for device
reliability in high power switching applications the higher
carrier mobility of the trench MOSFET makes this structure
more performant than planar MOS devices.

C. Measure-Stress-Measure Characterization

The most established method to characterize BTI is to
perform eMSM measurements where each measurement cycle
consists of a stress and a recovery phase, see Figure 4. During
the stress phase a typically large bias is applied at the gate
terminal of the transistor, while all the other terminals are
kept at zero volt. In this phase the defects which have their
trap level below the Fermi-level of the channel can become
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Fig. 4: Initially an Ip(Vg) characteristics of a pristine device is measured

and later used to convert the recovery drain current into an equivalent drift of
the threshold voltage AVy,. Typical for an eMSM sequence are the repeatedly
applied phases of stress and recovery bias. After each cycle the stress time
and the recovery time is increased. It has to be noted, that the initial Ip(Vg)
affects the charge state of a number of traps, and thus has to be considered
during the simlations [18].

charged, if their charge capture time is small compared to the
stress time. After the stress time has elapsed the gate bias is
switched to the recovery bias, which is typically in the order
of the threshold voltage of the device, and additionally a drain
bias is applied. During the recovery phase the charged defects
can transit to the neutral state if their trap-level is shifted
above the Fermi-level of the channel when switching from
the stress bias to the recovery bias. The superposition of the
many charge emission events of defects can lead to a decrease
of the threshold voltage over time, which can be measured as
a drift in the drain current when the applied biases are kept
constant. Afterwards the drain current is typically converted
to an equivalent drift of the threshold voltage AV, using an
initially measured Ip(Vg) characteristics.

As pointed out in [31] the measurement delay is a crucial
parameter for the characterization of SiC transistors. Fur-
thermore, apparently simple voltage sweeps used for Ip(Vg)
measurements can already lead to a remarkable change of the
threshold voltage Vi, and modify the device electrostatics of
a pristine transistor. In order to achieve highest accuracy for
the modeling part the entire history of the device in terms
of applied biases and timing has to be considered during
the simulations. Thus, each eMSM sequence is applied as
shown in Figure 4 and is measured without any interrupt. To
determine the defect parameters to explain the measurement
data the entire eMSM sequence is simulated using Comphy.

1) Classical MSM: For the classical eMSM sequences
the interface of the SiC transistor is put into inversion by
applying a large positive stress bias. The AER region for
these experiments is arranged above the Fermi-level of the
channel and thus mainly the impact of electron trapping on the
AVy, can be studied. In Figure 5 a good agreement between
contributions of extracted electron trap bands and experimental
data can be observed. In [18] a fast electron trap band has been
proposed to capture the fast recoverable component after stress
release, and a shallow electron trap band has been introduced
the explain the long-term recovery data. The combination
of contributions from both trap bands enable to explain the
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(top) The band diagrams with the respective active energy region for charge trapping (green) are shown for (top, left) the fast electron trap band,

(top, center) the shallow electron trap band, and (top, right) the overall trap distribution which has been proposed in [18] to explain the (bottom) eMSM
sequence measured employing a planar SiC MOS transistor. As can be seen, the traps assigned to the fast electron trap band describe the recovery behavior
immediately after stress release, while the shallow electron trap band captures the slowly recovering component. The superposition of all trap contributions
nicely explain the overall drift of the threshold voltage. For the sake of completness, the hole trap band (blue) is also shown, which has been extracted using

pulse MSM measurements [18].

experimental data. For the sake of completeness it has to be
mentioned that in [18] eMSM sequences at different biases
and temperatures have been evaluated too in order to account
for the bias- and temperature dependence of charge trapping.
The extracted trap levels show nice agreement with CTLs of
various possible defect candidates, see Figure 6, which will
be discussed later.

2) Pulse MSM: When classical MSM measurements are
applied to an nMOS transistor, typically the contribution of
electron traps is studied. If the measurement sequence is now
extended by an additional accumulation pulse after the stress
phase, but before the recovery phase, the AER for charge
trapping can be significantly enhanced. (i) By doing so the
charge emission of the electron traps can be accelerated, which
enables to optimize the model parameters, and (ii) hole traps
can become charged during the accumulation pulse and thus
can contribute to the measured recovery behavior. In [18]
experimental data has been recorded employing pulse MSM
sequences, and the difference to the classical MSM case where
the AVy, is shifted towards negative values has been explained
by contributions of additional hole traps which are located
close to the valence band of SiC.

IV. POSSIBLE DEFECT CANDIDATES FOR S1C DEVICES

As previously mentioned, the defects can be roughly clas-
sified into (i) interface defects, (ii) oxide defects and (iii) bulk
defects. In contrast to Si substrates where interface of the

thermally grown SiO; can be passivated with H-POA nearly
perfectly, an oxide grown on SiC exhibits a large number
of defect-states within the energy gap. Also, the presence
of a second atomic species, C, implies additional chemical
complexity and might support the formation of additional
defects in the adjacent SiO, layer [37]. Furthermore the
higher band-gap of SiC compared to Si enables more near-
interfacial defects to become electrically active, see Table I.
Furthermore, as the oxidation process of SiC depends on
the crystal surface orientation [47, 48] and thermal oxidation
creates C-residues chemical vapor deposition (CVD) from
TEOS [49] is commonly used for the fabrication of the gate
insulators. The quality of the interface strongly depends on
the surface termination as well as on the temperature used
for POA. As possible defect candidates for interface states
the silicon vacany Vg; and carbon dangling bonds Pyc, have
been recently proposed [40]. Their CTLs have been calculated
by density function theory (DFT) simulations and are found
to lie within the relevant AER for charge trapping in SiC
transistors, see Figure 6. Both defects exhibit CTLs withing
the AER of typical MSM sequences and thus can contribute
to the measurement signal.

Next to the interface states of the SiO,/SiC system, defects
in the SiC substrate like the silicon vacancy Vg; and carbon
vacancy V¢ are also potential traping sites and can seriously
hamper device performance and affect transistor lifetime. Both
kinds of defects exhibit a variety of different configurations.
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Fig. 6: Various different defect structures for potential defect candidates being present in SiC MOS transistors have been proposed in the literature. Some of
the proposed defect candidates can be ruled out as they exhibit formation energies being way too high to be relevant for the material system. Next to interface
states and oxide defects extracted from DFT calculations DLTS measurements have been performed and from this a distribution of interface states has been

proposed.

The most favorable states are Vg;-1 and V+1 and their CTLs
are summarized in Figure 6. As can be seen, both kinds of
defects show CTLs within the AER of the SiC nMOSFET.
Quite interestingly, while the silicon vacancy as bulk defect
has been extensively investigated, the V-1 at the interface
has been studied only recently by analysis of electrically
detectable magnetic resonance (EDMR) spectra with ab-inito
calculations [50, 51, 52, 40]. Another class of defects are
antisite-vacancies where in an AB compound an atom of type
A can diffuse away to become replaced by an atom of type
B, thereby forming an antisite and a vacancy, which is for
instance the case for the Cs; V¢ center [42]. The corresponding
CTLs of such a defect estimated by ab-initio calculations of
the respective defect structure are shown in Figure 6.

As nitrogen is used for n-doping, nitrogen related defects
are very likely present in the SiC substrate, and have been the
subject of recent DFT calculations based on measurements
performed using the spin dependent recombination (SDR)
technique [53, 39]. Among the studied nitrogen vacancy cen-
ters, namely the NcVyg;, the Ng; Ve, and NcCs; configurations,
only the N¢Vs; is expected to be visible in the SDR spectra.
As can be seen in Figure 6, ab-initio calculations of the N¢Vs;
defect revealed relevant CTL for this particular structure within
the bandgap of SiC [39].

A large variety of defects prevalent in SiC transistors
exists which can seriously affect the device performance and
operation stability. It is very difficult, not to say almost
impossible, to rule out a single defect being responsible for
altering of the device characteristics. However, a consistency
between defect parameters extracted from ab-initio simula-
tions, physical device simulations and experiments is essential
to validate the models and methods. Furthermore, to estimate
the device lifetime for various operation conditions an accurate

description of the charge trapping in SiC MOS devices is
inevitable.

V. CONCLUSIONS

The performance of SiC MOS transistors is seriously af-
fected by charge trapping of defects during device operation
under nominal operating conditions. As a consequence, the
threshold voltage of the MOS devices can change over time.
This effect is more pronounced in SiC devices compared
to Si technology due increased trap densities. In order to
identify the origin of charge trapping and to provide a physics
based explanation for this phenomenon the two-state defect
model is employed. Using this model the complex temperature
dependence of the Ip(Vg) characteristics of SiC devices can
be explained. Furthermore, extensive MSM experiments are
performed, where the drift of the current during the recovery
phases is recorded. Afterwards the temporal evolution of the
current has been successfully modeled using our reliability
simulator Comphy. By introducing an accumulation pulse in
the MSM sequence, charge trapping of hole traps close to
the valence band starts to affect the device behavior. Finally,
a physics based description for the observed charge trapping
behavior relying on two identified electron trap bands, and one
hole trap band is given. With the calibrated model in hand one
can extract the device lifetime under various operating condi-
tions way more accurate and than with empirical formulations.
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