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Studying near-valence-band (£v) defects at the insulator—n-type 4H-SiC interface is challenging due to
the low minority carrier concentration. Herein, we present a technique for characterizing the border traps
near Evy in an n-type 4H-SiC MOS capacitor by generating holes using above-band-gap optical excitation
(OE). A rise in capacitance was observed under OE (due to hole capture by border traps), remaining stable
long after the optical stimulus was removed, resulting in a persistent photocapacitance effect. We show
the dynamics of the capture process and perform a quantification of the captured holes in samples with
thermally grown oxide and different postoxidation annealing treatments.
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I. INTRODUCTION

4H-SiC is one of the most important semiconductors
in the field of power electronics. Due to the large band
gap, high thermal conductivity, and high critical electric
field, devices fabricated using SiC can be used for high-
voltage or -current applications [1]. The distinct advantage
of using SiC over other wide-band-gap semiconductors is
the possibility to thermally grow the native oxide, SiO,,
similar to the case for silicon (Si). Studies of Si over
the last four decades have resulted in optimized fabrica-
tion facilities and very precise processing steps for SiO;
growth. Since Si and SiC share the same native oxide,
the fabrication of SiC-based devices can be carried out
at existing Si fabrication facilities with minor modifica-
tions [2]. Although the properties of the Si0,-SiC interface
with deposited oxide [3] have been studied extensively,
a thermally grown oxide usually has lower porosity and
higher critical field strength in comparison to the deposited
oxide, which results in reduced gate-leakage current [4].
However, along with the many benefits that come with the
thermal oxidation of SiC, there are some disadvantages as
well. The Si0,-SiC interface suffers from a high density of
interface traps (Dyt), which is almost 2 orders of magnitude
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higher than the state-of-the-art Si0,-Si interface [5]. This
leads to reduced effective mobilities due to charge trap-
ping [6]. In addition, thermal oxidation also results in a
high density of traps in the oxide itself, which can lead
to severe threshold-voltage variation and bias-temperature
instabilities [7,8]. The impact of these so-called border
traps [9-11] in SiO; is conventionally studied by apply-
ing gate stress (measure-stress-measure procedure [12])
for varying duration and performing a measurement of the
shift of the threshold voltage [7].

Several other techniques have been used to study these
border traps. For instance, in Refs. [13—15], conductance
measurements were carried out on MOS capacitors as
a function of frequency and temperature, whereas, in
Ref. [16], emission from traps near the interface was
observed under a pump-probe scheme, highlighting their
energetic position in the band gap. In Ref. [17], the
authors characterized the near-interface oxide traps at the
conduction-band edge using the integrated charge method,
which highlights the degrading behavior of these traps on
the performance of SiC power MOSFETs. In most of these
studies, the border traps near the conduction-band edge are
studied; these usually capture electrons and lead to pos-
itive bias-temperature instability in a SiC MOSFET. On
the other hand, the capture of holes in the border traps
near the valence-band edge would lead to negative bias-
temperature instability (NBTI). This can be facilitated by
a negative gate bias, which is usually applied to prevent
parasitic turn ON of a MOSFET [18] during application.
However, studying the defects near the valence-band edge,
which are likely to capture holes in a MOSFET and lead
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to NBTI, is challenging in an n-MOS device due to the
absence of minority carriers. Therefore, in this work, we
use above-band-gap optical excitation to generate minority
carriers (holes) in the semiconductor that can tunnel across
the SiO,-SiC interface into the oxide and are captured
by border traps. A persistent increase in the photocapac-
itance is observed, which allows us to study the border
traps with energetic localization close to the valence-band
edge (Ev). Three samples exposed to different thermal
treatments were studied in this experiment to enable explo-
ration of the impact of thermal oxidation and postoxidation
annealing (POA) in NO and Ar environments on the border
traps. The charge-capture dynamics at these relatively slow
traps have been explored under the application of external
bias and varying temperatures.

A. Sample details

For the experiments, three low-doped n-type 4H-SiC
samples with 30-um-thick epitaxial layers have been used.
The doping density in the epilayers was 3 x 10'° cm™—2, as
determined by capacitance-voltage (C-V) measurements.
The epilayers were grown on highly doped SiC substrates
(~8 x 10" cm™3). After dicing the wafers into 1 x 1-cm?
pieces, the samples were cleaned in Piranha solution
followed by tetramethylammonium hydroxide. Finally, a
short HF dip was performed to remove any native oxide.
The cleaned samples then underwent dry thermal oxida-
tion at 1300°C (1300x) and two of the three samples
also received a POA in either a NO or an Ar environment
at 1300 °C (1300NO1300 and 1300Ar1300, respectively).
The processing details are shown in Table I. Circular Al
contacts of 1.5mm in diameter and 100 nm thick were
fabricated by optical lithography and electron-beam evap-
oration to create MOS structures.

B. Optical excitation experiment

Optical illumination was performed by either using a
light-emitting diode (LED) from Omicron Laserage or by
using a laser from Light Conversion. The output wave-
length of the LED is (365 +5) nm and has a maxi-
mum output power of 500 mW. Most of the experiments
with the LED were performed at 200-mW output power,
unless mentioned otherwise. During the experiment with
an LED, the small signal-capacitance measurements were
performed using the Boonton 7200 system with a 30-mV
peak-peak ac signal at 1 MHz. The samples were enclosed

in a Sumitomo Cryo system, which prevented stray light
from influencing the experiment and allowed the tem-
perature of the sample to be changed. The laser used in
some of our experiments has a tunable output wavelength
between 320 and 2000 nm, which allowed us to optically
excite the sample with sub-band-gap and above-band-gap
light. The small signal-capacitance measurements were
performed using an E4980A Precision LCR meter from
Keysight with a 30-mV peak-peak ac signal at 1| MHz, at
room temperature.

II. RESULTS
A. Light-induced charge trapping

Initially, the sample is set to a desired temperature and
then a dc voltage is applied. The capacitance measurement
is then performed to set the initial value of the capaci-
tance. Under optical illumination with an ultraviolet LED
emitting at 365-nm (~3.4-eV) wavelength, above the 4H -
SiC band gap, a rise in the small-signal capacitance is
observed for the MOS capacitors. The rise time varies from
a few seconds to a few hundred seconds, depending on
the sample, the dc bias conditions, and the optical power.
At the start of the experiment, a fast rise in capacitance
is observed. As time progresses, the process slows down
and eventually almost no rise is seen, and the effect is con-
sidered to be saturated. At this point, the LED is turned
OFF, and a sudden drop of capacitance is observed fol-
lowed by a slow decay. The measurement is considered
to be complete when the capacitance stops changing for
at least 1 min. This phenomenon is illustrated in Fig. 1(a)
(full capacitance profile), Fig. 1(b) (capacitance rise), and
Fig. 1(c) (capacitance decay). As can be seen, the mea-
sured capacitance after illumination is much higher than
the reference value at the start of the experiment. This is
true even when the LED is turned OFF and sufficient time
(up to a few hours) is provided for the capacitance to decay.
Before starting the next measurement, the MOS capacitor
is reset to its original state by applying a positive dc bias
to strong accumulation, followed by a 0-V bias. Sufficient
time is allowed for the capacitance to stabilize before the
next measurement is taken.

The change in capacitance after illumination and sub-
sequent saturation is indicated as AC in Fig. 1(a). This
suggests the occurrence of a charge-trapping phenomenon,
leading to a quasipermanent change in the system, persist-
ing even after the removal of the external stimulus. A short

TABLE I. Description of sample preparation and processing steps.
Sample name Oxidation parameters Oxide thickness (nm) POA parameters
1300x 32 min at 1300°C 48
1300Ar1300 30 min at 1300°C 48 70 min at 1300 °C in Ar
1300NO1300 28 min at 1300°C 56 70 min at 1300 °C in NO
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FIG. 1. Change in capacitance of the device 1300x (see Table I for sample details) as a function of time for an applied optical

excitation for (a)(c) the MOS capacitor and (d) the Schottky diode case. Panels (b),(c) show the rise and decay of the capacitance
transient, respectively, for the MOS capacitor and illustrate the presence of a fast and a slow exponential component in the rise and
decay. Results shown in (a)~(d) were performed with an LED. (e) Capacitance versus time under optical excitation using a laser with
variable photon energy. Small increase in capacitance is observed during the OE experiment when Eppoton < Eg. Increase in capacitance
also persists after the laser is turned OFF. For Eypo0n > Eg, a rapid increase in capacitance is observed.

pulse of positive bias to the strong-accumulation region is
sufficient to reset the MOS capacitor and bring the capac-
itance to almost the initial value. Both the rise and decay
profiles of the capacitance consist of a slow and fast expo-
nential component. This is shown in Figs. 1(b) and 1(c).
While the fast component is represented by a time constant
in the range of a few seconds, the slow component can take
up to a few hundred seconds to saturate, depending on how
the sample is processed. The fast component of the rise
and decay transients is interpreted as a result of the gen-
eration and recombination of the electron-hole (e-4) pairs.
The slow component, on the other hand, is likely a result of
charge trapping and detrapping at defects in the SiO,-SiC
stack. The focus of this work is on the trap-related slow
component.

At this point, we would like to separate defects into
interface (near-interface) traps and bulk traps. As it has
been shown that thermal oxidation of SiC not only intro-
duces defects at and near the interface but also deeper into
the semiconductor [19,20], it is possible that these bulk
defect levels could capture the optically generated carri-
ers and cause a change in measured capacitance. To study
the impact of these bulk defects, the thermal oxide from
the MOS capacitor was etched away and circular Ni con-
tacts were deposited to prepare Schottky devices. These
samples were then studied in the optical excitation (OE)
experiment. The results are shown in Fig. 1(d). As the
LED is turned ON, an instantaneous rise in the capaci-
tance is observed, unlike the relatively slow rise that is
observed for the MOS capacitor. Furthermore, the rise in
capacitance is significantly smaller for the Schottky device
(~1% rise) in comparison to that for the MOS capacitor,
where close to 100% increase in capacitance is observed.
Another evident difference is in the decay behavior, where
the capacitance falls sharply when the OE is removed, to
almost the original value. In other words, no quasiper-
manent increase in the capacitance is observed for the
Schottky device. This strongly indicates that no charge
trapping occurs at the bulk defects and the semipermanent

increase in capacitance observed for the MOS capacitor is
due to charge trapping at the interface or the border traps.

To better understand the impact of interface and bor-
der traps on the capacitance under optical illumination,
the samples were exposed to photons from a laser of tun-
able output energy. Laser excitation with photons of an
energy (Ephoton) lower than the band gap (E,) of 4H-
SiC results in a smaller increase of capacitance compared
to photons with an energy higher than the band gap, as
shown in Fig. 1(e). For Ephoton < Eg, the interface traps
can assist in the e—h-pair generation. Since this process
is inefficient compared to band-band generation (discussed
in the next section), under identical optical power, fewer
holes are generated. The holes generated by trap assis-
tance (Ephoton < Eg) or band-to-band excitation (Epnoton >
E,) can then tunnel from the 4/-SiC valence band to
the border traps in SiO,, leading to an increase in the
measured capacitance. Therefore, in either case, the bor-
der traps present near Ey are mainly responsible for the
capacitance change under illumination and the observed
persistent photocapacitance effect.

B. Charge-trapping model

A model for the hole-trapping process is proposed
to account for the observed light-induced (Ephoton > Eg)
changes in capacitance for the MOS capacitors shown in
Figs. 1(a)-1(c). Figure 2(a) shows the band structure of
the n-MOS capacitor at thermal equilibrium with no car-
riers in the depletion region and an electron surplus in the
SiC bulk. Under OE with photons of energy higher than
the band gap of the semiconductor, e-/ pairs are gener-
ated on the SiC side of the MOS stack. For a n-type MOS
capacitor with a positive flat-band voltage, the sample is
in a depletion condition when no external bias is applied.
Therefore, an electric field exists in the device, and thus,
electrons generated by the LED drift away from the SiO,-
SiC interface, while the generated holes accumulate at the
interface, as shown in Fig. 2(b). This leads to a drop in the
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FIG. 2. Proposed model for the MOS capacitor to illustrate the generation, trapping, and recombination of charges under different
operating conditions. Hole trapping at the border traps is proposed to be responsible for the rise in capacitance under the applied optical

excitation.

depletion-region width, which results in a sudden rise in
capacitance, as indicated by region (b) in the capacitance
versus time diagram in the middle lower panel of Fig. 2.
As the hole concentration increases with time, these accu-
mulated holes can, via tunneling across the interface, be
captured at the border traps in the oxide near the valence-
band edge (Ev), see Fig. 2(c). With time, a positive charge
builds up in the oxide, creating an electric field pointing in
the opposite direction to the existing depletion field, result-
ing in a further reduction of the depletion-region width and
an increase in the measured capacitance. The increase in
capacitance is equivalent to the negative shift (reduction)
of the threshold voltage. The trapped positive charges add
to the external bias, resulting in a modulated equivalent
bias experienced by the semiconductor. A model for the
tunneling of charges from the semiconductor to the oxide
and their capture at border traps, leading to a shift in the
threshold voltage, is shown in Refs. [21,22].

As the optical excitation is removed, the e-# pairs
recombine quickly, resulting in a drop in capacitance. This
is shown in Fig. 2(d) and is indicated at region (d) in
the capacitance versus time diagram in Fig. 2. The cap-
tured charges at the border traps possibly experience an
increased barrier and do not tunnel back to the semicon-
ductor. Therefore, although the capacitance drops slightly,
it remains significantly higher than the pre-OE value, lead-
ing to the observation of a persistent photocapacitance
effect. Similar effects have been observed in different mate-
rial systems, e.g., strontium titanate [23], Ga,In;_.N, As;_,
[24], and GaN [25], where a persistent increase in conduc-
tance was observed after optical illumination. With time,
the trapped charges can tunnel back to the semiconductor,
but, based on the time constant of the decay transient, this
phenomenon could take hours to a few days. On average,

the decay time for the 1300x sample is in the range of
1 x 10° s, which is equivalent to 5-6 days. In Ref. [26],
retention times as long as 1 x 10° years were estimated
for 4H-SiC MOS capacitors, leading to the suggestion
that SiC-MOS capacitors could be used as a nonvolatile
memory element.

Under OE, as holes accumulate near the interface, the
probability distribution of holes in the valence band is
defined by a quasi-Fermi level (Erp) near the valence-band
edge. Since border traps in SiO, are assumed to be spa-
tially located very close to the interface [27], the charge
state of these traps would also be determined by their ener-
getic position with reference to Erp [28]. The border traps
near Ey are expected to mainly capture holes [29]. This
means that we expect a charge-state transition, e.g., from
(0/4) or (—/0) if one hole is captured, or a negative-U
transition like (—/+4) or (0/2+) if two holes are cap-
tured. This would result in positive charge accumulation in
the oxide, leading to an increase in capacitance. Further-
more, the persistent increase in capacitance at the end of
the experiment provides evidence that the holes captured
during OE do not find their way back to the semicon-
ductor after the OE is removed. This phenomenon can be
understood by a defect-configuration coordinate diagram,
as shown in Fig. 3. When a charge carrier is trapped at a so-
called deep-level defect, its wave function can be localized
at the defect site. In this case, a change in the charge state
of the defect can have a strong impact on the geometry of
neighboring atoms [30]. Accounting for the deformation of
the defect site due to the change in its charge state, a non-
radiative multiphonon (NMP) approach can be employed
to study the behavior of the border traps [31,32]. In this
representation (illustrated in Fig. 3), the defect has two
configurations: State 01, ground state, with an electron;

064065-4



EXPLORING THE BORDER TRAPS. ..

PHYS. REV. APPLIED 21, 064065 (2024)

State 01 State 02

Energy

Y

Configuration coordinates

FIG. 3. Parabolic approximation in the nonradiative multi-
phonon (NMP) model to account for the deformation of the
defect site. Upon optical excitation, the defect level can trans-
form from State 01 (red parabola) into State 02 (black parabola).
After optical excitation is removed, the barrier to transition from
State 02 to State 01 is €.

and State 02, excited state after the capture of a hole. As
shown, the transition of State 01 to excited State 02 has a
barrier of €;;. If the incoming photon has sufficient energy,
it could excite the defect and help overcome the barrier, as
indicated by the red arrow in Fig. 3. After the capture of a
hole, the defect reaches State 02, leading to charge build up
in the oxide. After optical illumination is removed, for the
defect to revert back to State 01, it must overcome a barrier
of ;1. In the absence of enough thermal energy, the defect
would stay in State 02, leading to a quasipermanent charg-
ing of the oxide and a persistent increase in the capacitance
after exposure to above-band-gap light.

C. Dynamics of the trapping process

To better understand the dynamics of charge trapping at
the border traps, several OE experiments were performed
on the samples at varying gate bias and ambient temper-
ature. Figure 4(a) shows the rise transient as a function
of gate bias for the thermally oxidized sample, 1300x
(see sample details in Table I). At constant temperature,
as a larger negative bias is applied to the sample, the

capacitance rises more slowly. Therefore, the time constant
of the rise in capacitance is a function of the applied gate
bias. This dependence is exponential and is illustrated in
Fig. 4(b). Similarly, for a fixed dc bias and with increasing
temperature, the time constant associated with the ris-
ing capacitance transient increases [see Fig. 4(c)]. Similar
dependencies of the rise-time constant on the temperature
and dc bias are observed for the NO- and Ar-annealed sam-
ples. These two observations indicate that the hole-capture
rate is a function of both bias and temperature. However,
under the application of bias, as the sample moves from the
flat-band condition to depletion, the pre-OE capacitance
changes and moves along the C-V curve. Since the C-V
curve is inherently nonlinear, the rise in capacitance under
OE at different points on the C-V curve is not the same.
Near the flat-band condition, the rise is faster when com-
pared to that under the depletion conditions; this results
in an increase in the rising-time constant with increas-
ing negative bias. Due to this reason, comparing only the
extracted time constant of the rising exponential for differ-
ent biases may result in an inaccurate interpretation of the
hole-capture rate.

Therefore, we have carried out a temporal evaluation to
quantify the hole-capture rate during the OE experiment
using

dQOX
dt

dWg
= (Cox — Cs(0) 7 1)
which establishes a relationship between the rate of change
of charges in the oxide to the changing capacitance under
optical illumination. The derivation of Eq. (1) is shown in
the Appendix.

Using Eq. (1), the hole-capture rate is evaluated for the
MOS capacitors at varying biases and the results are illus-
trated in Fig. 5. It was shown in Fig. 4 that the time constant
of the rising transients increased as the negative bias was
increased, which could be interpreted as a reduction in
the hole-capture rate for reducing gate biases. This is,
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FIG. 4.

(a) Rising capacitance of the 1300x sample upon the application of optical excitation using an LED as a function of applied

bias. Extracted time constant is shown as a function of gate bias (b) and temperature (c). (d) Dependence of the time constant on the
optical power is illustrated. Measurement is performed at 293 K and 0-V dc bias.
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FIG. 5.

Hole-capture rate evaluated as Q. from Eq. (1) for the thermally oxidized and annealed samples (left, 1300x; middle,

1300NO1300; right, 1300Ar1300) during the OE experiment with a fixed temperature of 293 K and variable bias. It is observed that,
for all the samples, the capture rate increases as a larger negative bias is applied to the MOS capacitors.

however, not the case when the evaluation is performed
using Eq. (1), and it is seen that the hole-capture rate
increases for the thermally oxidized (1300 ) and annealed
samples (1300NO1300, 1300Ar1300) as a more negative
gate bias is applied. This agrees well with the predictions
from theory [31]. Moreover, a similar evaluation was per-
formed for measurements performed at a fixed bias and
varying temperatures, and the results are shown in Fig. 8
in the Appendix. The hole-capture rate seems to be only
slightly affected by temperature for all three samples. Since
the optical generation of e-A pairs in SiC and the tunneling
process of holes across the interface are both temperature
independent, the overall capture rate of holes is expected
to be weakly dependent on or independent of temperature.

The dependence of the capture rate on the applied bias
(V) is further investigated by technology computer aided
design (TCAD) simulations. The doping concentration of
the semiconductor is defined as 3 x 10'> cm™ in the sim-
ulation, which is equal to the doping concentration of the
measured sample. The simulated band bending in the oxide
and the semiconductor for varying external bias is shown
in Fig. 6(a). After calculation of the potential profile in
the MOS structure at —3-V external bias, a point is cho-
sen at a distance of xt nm from the SiO,-SiC interface
at an energy AE above Ey. As the external bias is var-
ied from —3 to 1 V, AFE changes from AE, to AE,. This
behavior is illustrated in the inset of Fig. 6(a). Figure 6(b)
shows the schematic configuration-coordinate (CC) dia-
gram for the capture of holes from Evy to the border trap.
State 01 is the initial configuration of the defect level,
which must transform into State 02 to capture a hole,
where State 02 is aligned with Ey. This transition has a
barrier €, at 1-V external bias. As the external bias is
reduced to —3 V, the barrier is also reduced to €,. There-
fore, although the energetic difference (AE) between the
valence-band edge and the defect level increases from
AE| to AE, for increasing negative bias, the overall
barrier is reduced from €, to €],, leading to an increase
in the capture rate of holes, as seen in Fig. 5.

D. Density of trapped charge at border traps

The concentration of trapped holes in the oxide can be
quantified by monitoring the change in capacitance and
voltage of the MOS capacitor during the OE experiment.
As discussed above, under OE, a rise in capacitance from
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FIG. 6. (a) TCAD simulation of the oxide-semiconductor
structure under varying gate bias. Inset, variation in the energy
difference (AE) between a chosen defect level in the oxide and
Ey, depending on the gate bias. (b) CC diagram for the border
traps. Although the energy difference between the defect level
and Ev increases from AE| to AE, for increasing negative gate
bias, the energy barrier for the transition from State 01 to 02
reduces from €, to €/,.
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C-V curve, and corresponding voltages are extracted. (c) Using information about the initial and final capacitances and voltage, the
concentrations of trapped positive charges in the oxide are calculated and shown as a function of applied gate bias for the three samples.

the initial value, Ciy, to the maximum capacitance, Cyax,
is observed; this is first caused by e—%-pair generation fol-
lowed by a slow increase due to trapping of charges in
the border traps. When the OE is removed, the capacitance
drops from Cpax t0 Cpa, Where Chpar 1S much higher than
Cinit for the MOS capacitors studied herein. This is shown
in Fig. 7(a). Looking at the C-V curve shown in Fig. 7(b),
the change in capacitance is equivalent to traversing the
C-V curve where the equivalent bias on the sample is
changing. Therefore, when the final capacitance of the
sample is Cppay, the equivalent voltage on the sample is
Vinal- This means that, due to hole trapping by the border
traps, the MOS capacitor experiences an effective increase
in bias, which is given by AV = Vgpar — Vine-

To calculate the number of trapped charges during
the OE experiments, we have derived (derivation in the
Appendix) the following:

€o€sicgNp 1 1
AQo = D ((Cisnit - aneﬂ)

1 1
+ ((anal)z - (Cisnit)2> COX) ’ (2)

which relates the number of trapped charges to the ini-
tial (before optical excitation) and final (at the end of
the experiment) capacitance of the semiconductor. Using
Eq. (2), we have performed an evaluation of the total num-
ber of trapped charges per unit area by using Niapped =
AQox /(g area). However, this calculation is only valid
while the MOS capacitor is under depletion conditions,
as the relationship used between s and Cs is only valid
for depletion. For this reason, the flat-band voltage (Vgg)
is subtracted from the applied dc bias to clearly distin-
guish between the depletion and accumulation regions.
The calculated values for the density of trapped holes
(Nirappea) for the three samples (1300, 1300NO1300, and
1300Ar1300) are plotted in Fig. 7(c). The thermally oxi-
dized sample, which does not receive any postoxidation

treatment (1300x), has an almost equivalent concentra-
tion of trapped oxide charges to that of the Ar-annealed
sample (1300Ar1300), reaching a maximum of Nyapped ~
1 x 10" cm™2 under depletion conditions. This indicates
that the oxide traps created near the valence-band edge dur-
ing thermal oxidation are almost unaffected by the POA
in Ar. The sample annealed under NO (1300NO1300), on
the other hand, exhibits a substantially lower concentration
of trapped charges in comparison to the 1300x sample by
almost an order of magnitude, which suggests that anneal-
ing in a NO environment not only passivates the defects
at the interface, leading to a reduction of the density of
interface traps [33], but also causes a reduction in the
border-trap density, leading to a reduction of the overall
trapped charges in the oxide.

III. CONCLUSION

In this work, a method to characterize the border traps
present near the valence-band edge of n-type 4H-SiC MOS
capacitors is presented. The capacitance of the MOS struc-
ture is found to change under optical illumination and with
varying bias and temperature. The measurements reveal a
persistent photocapacitance effect, which is facilitated by
the presence of border traps in the oxide and in the vicinity
of the interface. A framework has been developed to cal-
culate the concentration of trapped charges in the oxide
responsible for the observed increase in capacitance. It
was found that, immediately after thermal oxidation, the
concentration of trapped charges was at its highest, while
postoxidation annealing in an Ar environment reduced
it slightly. A significant reduction, by almost an order
of magnitude, is observed after postoxidation annealing
under NO.

The charging dynamics of the border traps were also
studied, and it was found that, for all the samples, the hole-
capture rate increased as the bias was reduced, while the
rate was almost independent of temperature. Comparing
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the samples, it was observed that the capture rate was high-
est for the Ar-annealed sample (1300Ar1300), while the
nonannealed (1300x) and NO-annealed (1300NO1300)
samples had comparable hole-capture rates.

In conclusion, our findings demonstrate that the
approach developed herein reveals in-depth information
on the formation and dynamics of border traps near the
valence-band edge in 4H-SiC n-type MOS capacitors.
This could be pivotal in understanding and improving
the bias-temperature instability in SiC power MOSFET
devices.
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APPENDIX

1. Hole-capture-rate evaluation at varying
temperatures

The OE experiment was performed on the thermally
oxidized (1300x) and annealed samples (1300NO1300,
1300Ar1300) for a fixed dc bias of 0 V and varying temper-
ature. Using Eq. (A7), the hole-capture rate was evaluated,
and the results are shown in Fig. 8. Over the evaluated tem-
perature range, the capture rate is fairly independent of the
temperature for all three samples.

2. Derivation: Hole-capture rate

To quantify the hole-capture rate during the OE exper-
iment, we have carried out the following evaluation. For
a MOS capacitor, the applied gate voltage (V) drops par-
tially in the oxide and in the semiconductor. By Kirchhoff’s
voltage law (KVL),

Vo + Veg + Vox + W5 =0, (A1)

where Vg is the applied gate bias, Vrp is the flat-band volt-
age defined by the difference of the Fermi levels of the
gate metal and the semiconductor, Vyy is the potential drop
across the oxide, and Wg is the potential drop across the
semiconductor. Taking derivatives with respect to time on
both sides,

dV dV dVex  d¥
=g B > = 0. (A2)
dt dt dt dt
Since Vg and Vgg are time independent,
dVe  dVrs dVox dW¥g
R =0 d =——2, A3
dr  dr M dt (A3)

Furthermore, applying charge neutrality to the MOS
device, we find that Qg + Qox + Os = 0, where Qg is the
charge on the gate metal, Q. is the oxide charge, and Qs is
the charge in the semiconductor. Again, taking derivatives
with respect to time on both sides and by variable change in
the derivative, we arrive at Eq. (A6), where the change of
Qg as a function of Vy is defined as the oxide capacitance,
Cox, and the change of the semiconductor charge, Os, as
a function of Wy is defined as the semiconductor capaci-
tance, Cs. By using the relationship established between
Wg and Qox (dVox/dt = —dWs/df), Eq. (A6) can be mod-
ified to Eq. (A7). This equation establishes a relationship
between the rate of change of charges in the oxide to the

1300x 1300NO1300 1300Ar1300
—~ 1012 10M
a —T=311K
5 10" — T=321K |
[ — T=332K
Y T=340K | 10"
©
3 1010
2 T=351K o 0
8 T=361K i1 10
s — T=371K Ni.
o —T=381K
T 8 5 108
10 10 * :
10~ 107" 100 10° 107"
Time (s) Time (s) Time (s)
FIG. 8. Hole-capture rate evaluated for the thermally oxidized and annealed samples (left, 1300x; middle, 1300NO1300; right,

1300Ar1300) during the OE experiment with a fixed bias of 0 V and variable temperature. It is observed that the hole-capture process

is fairly independent of temperature over the measured range.
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changing capacitance under optical illumination.

d0c  dQus  dos

a " a a0 (A9
dOG dVox  dQox  dQs dW
dgi i gz dgz dts =0 W
—coxdd# - dg;’* + Cs(f)% =0, (A6)
"g—;x = (Cox — Cs (z))% (A7)

3. Derivation: Density of trapped charges

Using KVL and charge neutrality in a MOS capacitor,
as described in the previous section, we arrive at Egs. (A8)
and (A9):

VG + VFB + Vox + \I"S = Oa (AS)

06 + Qox + 0s =0, (A9)

Ve — %-‘r Vig + Ws = 0. (A10)
()€

Vs and Vg are constant, while Oy, Os, and ¥s vary from
the start to the end of the experiment. Using Eq. (A10)
before optical excitation (init) and after removing the opti-
cal illumination (final) and taking the difference of the two
equations, we arrive at

( (f};lal _ Qg;(lt) + (anal _ Qisnit)
Cox

+ (qjisrlit _ \Ijgnal) — 0
(A11)

Rearranging the terms and using the relationship g =

(€0€sicgNp)/(2C%) (depletion) yields Eq. (A13), which

establishes a relationship between the stored oxide charge
(AQox) and the change in semiconductor capacitance:

AQw = O — O

— (Qi;mal _ Qisnit) + (\Ijgnal _ "Ijignit)cox (A12)
EOGSiCCIND 1 1
A oX — —_ —
Q 2 ((anal Clsmt)
+( : ! )C ) (A13)
(anal)z (Cisnit)z ox
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