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Trap Characterization of Trench-Gate SiC MOSFETs
Based on Transient Drain Current

Shan Jiang , Meng Zhang , Xianwei Meng , Xiang Zheng , Shiwei Feng , and Yamin Zhang

Abstract—The SiC/SiO2 interface state is one of the main factors
that limit the performance and reliability of the SiC metal–oxide–
semiconductor field-effect transistor (MOSFET). In this article, we
use a Bayesian deconvolution algorithm to optimize trap feature
extraction based on the transient current method and improve the
trap extraction accuracy. Using this method, we study the trap
capture mechanism in SiC MOSFETs and mainly characterize the
trap position, the trap energy level, and the capture time constant.
The results obtained show that there are three different types of
traps and defects, two of which are SiC interface traps at the
gate–source and gate–drain interfaces, with activation energies
of 0.089 and 0.035 eV, respectively, and the third trap type is an
oxide trap, and its time constant does not vary with temperature.
The characterization results are verified via deep-level transient
spectroscopy, and the results show reasonable agreement with those
obtained by the method proposed in this article. This method can
be combined with electrical stress testing in long-term reliability
research to realize nondestructive characterization of the defects
of SiC MOSFETs.

Index Terms—Charge trapping, current transient, reliability,
SiC metal–oxide–semiconductor field-effect transistor (MOSFET),
trench silicon carbide MOSFET.

I. INTRODUCTION

S IC-BASED power electronic devices have the advantages of
a wide band gap, high thermal conductivity, and high break-

down field strength. These devices are suitable for use under
high temperature, high frequency, and high power conditions,
and are highly advantageous in reducing both power consump-
tion and system volume; the latter two issues are focusing the
attention of researchers worldwide. However, in high-frequency
and high-power applications, reliability issues including high
temperatures in the active region, device threshold voltage drift,
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on-resistance degradation, and gate oxide defects are the main
issues that have stopped SiC-based power devices from becom-
ing mature industrialized products [1], [2], [3], [4].

In SiC metal–oxide–semiconductor field-effect transistors
(MOSFETs), the gate structure is an important factor in deter-
mining the device reliability. In contrast to the higher potential
barrier and lower interface state at the Si/SiO2 interface [5], [6],
the potential barrier at the SiC/SiO2 interface is lower and the
interface state is higher. Under high temperature and high field
conditions, the electrons in SiC will pass through the barrier
more easily and thus enter the gate dielectric. The electrons that
are injected into the gate dielectric layer will not only induce
defects in the dielectric but also will cause changes in the fixed
charges that exist within the dielectric [7], [8], [9]. This affects
the threshold voltage of the SiC MOSFET, which is the main cause
of the instability in its electrical parameters [10], [11], [12].

Effective characterization of the SiC/SiO2 interface state ac-
tivation energy and concentration is an important aspect of SiC
MOSFET reliability design. Moghadam et al. [13] studied and
calculated the near-interface oxide trap concentration in SiC,
but their trap characterization was at the material level, and they
could not obtain the time constant and activation energy of the
trap. Although the widely used deep-level transient spectroscopy
method can measure the trap’s peak value and activation energy,
the test conditions required are very harsh. The device must be
placed in a low-temperature environment and subjected to tem-
perature changes over a wide range, which makes measurement
of the device characteristics very difficult [14], [15], [16], [17].

Research shows that when a deep-level trap captures elec-
trons, the drain current will decrease, and when these electrons
are released, the drain current will then increase. This change
in the transient current includes trap information. Therefore,
the approach of measuring traps via the transient current is
better than the spectroscopy method. To date, this method has
been verified on GaN high-electron-mobility transistors [18],
[19], [20], [21]. However, it has several problems, including
low time constant accuracy, and an inability to characterize trap
concentrations and traps in difficult locations that have not been
verified on the SiC devices.

With the aim of solving the existing problems in interface
state characterization of SiC MOSFETs, we recorded the transient
curves of the drain current under a constant electrical bias at
various temperatures, optimized extraction of the device time
constant via the Bayesian deconvolution method, and combining
with Arrhenius equation, the trap activation energy of the inter-
face state is obtained. By varying the electrical bias of the gate
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Fig. 1. (a) SiC MOSFET device cross section. (b) Output characteristic curve.

and drain, the trap positions were located, which then enabled
the characterization of the interface state traps. In addition, these
characterization results were verified via deep-level transient
spectroscopy.

II. TRAP CHARACTERIZATION

A. Experimental Samples and Information

A schematic diagram of the device used in this study is shown
in Fig. 1(a). The device uses an epitaxial layer with a thickness of
7.7 μm to maintain a breakdown voltage of more than 650 V. A
0.5-μm-thick P-body and a 0.2-μm-thick n+ source layer were
grown epitaxially on the drift region surface. The gate trench
depth and width are 1.2 and 1 μm, respectively. The side gate
oxide and bottom gate oxide layer thicknesses are 50 and 100
nm, respectively. Another trench that was formed in the same
etching step as the gate trench is located in the source region.
This source trench is wrapped by an injected p-well to protect
the bottom oxide, particularly at the angle of the gate trench.
The overall length of this symmetrical element is 3.4 μm. The
doping concentrations of the P-body, P-well, and drift regions are
1×1017, 3.5×1017, and 8×1015 cm−3, respectively. The output
characteristics of the device are shown in Fig. 1(b).

B. Time Constants Extraction Method

Traps in the device cause a reduction in the drain current
when electrons are trapped and an increase in the drain current
when the electrons are released. Based on this relationship,
the transient change in the device drain current is collected,
the time constant of this drain current change caused by the
trap is extracted, the change in the trap time constant under
different ambient temperatures is analyzed, and by combining
the results with the Arrhenius equation, the activation energy
of the deep-level trap can be extracted. The accuracy of the
time constant extraction process determines the accuracy of the
characterization results directly.

Trap information exists in the device’s transient current re-
sponse in the form of an e-exponential change, as shown in the
following equation:

Ids (t) =
∑

ΔIi exp

(
− t

τi

)
+ I∞. (1)

Here, τi is the time constant of the ith trap, and ΔIi is the
amplitude that affects the current change. The time constant
spectrum (TCS) is mainly used to extract the trap’s characteristic
time constant τi and display it in the form of a peak spectrum,
and the abscissa of this peak value is the trap’s time constant.

First, we introduce the logarithmic time variable

z = lnt. (2)

The TCS of the trap is then given as follows:

ΔI (z)

= lim
δz→0

magnitudes related to the time constants between z and z+δ
δz .

(3)

The transient current Ids(t) can then be expressed in the
following equation, and the TCS in (3) exists in integral form in
the following equation:

Ids (t) =

∫ ∞

−∞
ΔI (τ)

(
exp

(
− t

exp (τ)

))
dτ + I∞. (4)

When compared with (1), (4) gives the integral form of the
channel transient current. When combined with (2), this transient
current is converted into

Ids (z) =

∫ ∞

−∞
ΔI (τ) (exp (− exp (z − τ))) dτ + I∞. (5)

This is the convolutional integral equation of ΔI(τ). Differ-
entiating z on both sides of (5) then gives

d

dz
Ids (z) =

∫ ∞

−∞
ΔI (τ) (exp (z − τ − exp (z − τ))) dτ.

(6)
Function W (z) is defined as follows:

W (z) = exp (z − exp (z)) . (7)

Then, the expression for d
dz IDS(z) is given by

d

dz
Ids (z) = −ΔI (z)⊗W (z) . (8)

Here, ⊗ is the convolution operator, and the TCS ΔI(z) then
becomes

ΔI (z) =

(
− d

dz
Ids (z)

)
⊗−1W (z) . (9)

Thus far, the TCS can be solved completely via deconvolution.
The key to characterization of the interface state characteris-

tics in the transient drain current changes lies in the accuracy
of the time constant extraction process. To date, three main
extraction techniques have been reported. Among them, one
study [18] used the sum of the e-exponents of 100 time constants
(exhaustive method) to fit the transient current curve. However,
this method can easily introduce “pseudovalues” into the gentle
curve range and requires more predetermined conditions. An-
other study [22] performed a derivation of the transient curve
to extract the corresponding TCS. This method is easy to solve,
but cannot give the TCS in the form of an e-exponential, and
its ability to distinguish overlapping peaks is inadequate. An
additional study [19] used three discrete points to fit the transient
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current response curve and added a variable β power correction
result to the index, but it is not easy to characterize the trap time
constant distribution fully using this method; moreover, the key
variableβ that was introduced has no clear physical meaning and
cannot be used to give a one-to-one corresponding microscopic
explanation.

With the aim of resolving the problem of the insufficient
methods for extraction of the time constant spectra of traps,
our research group studied and proposed a TCS extraction
technique based on Bayesian deconvolution. By performing
multiple iterative calculations, the proposed technique can not
only avoid the insertion of “pseudovalues” in the nonpeak areas
but also highlight the time constant peaks of traps effectively,
and its discrimination ability is obviously better than that of the
derivation-based method.

According to convolution theory, deconvolution problems can
be solved conveniently using the fast Fourier transform method.
However, the deconvolution calculation is a mathematically
ill-posed problem, where the current transient response curve
that acts as the input condition is the measurement result, and
the noise and measurement errors introduced during the mea-
surement process will introduce a large error into the decon-
volution result. To solve this problem, we selected a Bayesian
iterative algorithm [23], [24], [25], [26] according to conditional
probability theory, which is based on Bayes’ theorem

P (H|D) =
P (D|H)P (H)

P (D)
(10)

where P(H|D) is the conditional probability of H after the oc-
currence of a known D, P(D|H) is the conditional probability of
D after the occurrence of a known H, and P(H) and P(D) are the
prior probabilities of H and D, respectively. Let the differential
vector of the discrete transient current curve measurement result
be M, let the real value vector of the time constant spectral
function to be solved be T, and the transfer matrix be R. The
convolution operation can then be expressed in matrix form

M = R⊗ T. (11)

To solve for the true value T from (11), we can use Bayes’
theorem to rewrite (11) into the form shown in the following
equation:

P (Ti|Mk) =
P (Mk|Ti)P (Ti)∑
j P (Mk|Tj)P (Tj)

. (12)

Then, based on the conditional probability formula, we can
obtain

P (Ti) =
∑
k

P (Ti|Mk)P (Mk) . (13)

By substituting (12) into (13), we can then obtain

P (Ti) =
∑
k

P (Mk|Ti)P (Ti)P (Mk)∑
j P (Mk|Tj)P (Tj)

. (14)

Note that the P(Ti) terms to be solved appear on both the left
and right sides of (14), and thus form an iterative equation. The
initial iteration sequence can be constructed under an assumption

of equal probability, and the iteration equation after n iterations
is calculated as

P (n+1) (Ti) = P (n) (Ti)
∑
k

P (Mk|Ti)P (Mk)∑
j P (Mk|Tj)P (n) (Tj)

.

(15)
Therefore, by normalizing the test vector M of (11), the ex-

pression for the Bayesian iterative algorithm can be abbreviated
as follows:

Tn+1
i = Tn

i

∑
k

RkiMk∑
j RkjTn

j

. (16)

Because the Bayesian iterative method is based on probability
theory, it always guarantees that the sum of the probabilities
in the iterative process is 1, thus ensuring convergence of the
iterative process.

To verify the effectiveness of time constant extraction based
on the Bayesian iterative deconvolution operation, we con-
structed a function curve containing three time constants (0.2,
2, and 10 s) that are very similar. We then used the deriva-
tion method and the Bayesian iterative deconvolution operation
method to extract the time constants. The results are shown in
Fig. 2. The TCS calculated by Bayesian deconvolution is related
to the number of iterations, and with the increasing numbers of
iterations, the signal enhancement effect on the time-constant
spectral line gradually becomes obvious, and the result is shown
in Fig. 3.

According to (9), the TCS is the deconvolution of the cur-
rent versus time ln(t) and the construction function W (z). In
order to obtain the TCS, first the variation of the transient
current is measured. In Fig. 3(a), the original exponential decay
curves with time constants of 0.2, 2, and 10 s are shown, from
which the differential of current to ln(t) can be obtained. Since
W (z) is a self-construction function, the value of W (z) can
be calculated at any time t according to (7). As long as the
above two known variables are deconvoluted, the final result
is the TCS ΔI(z). In this article, the Bayesian deconvolution
method is used to deconvolute. The specific conversion process
of Bayesian deconvolution is shown in (12)–(15). Expression
(16) of Bayesian deconvolution can be obtained by bringing
P (Ti) =

Ti∑
j Tj

P (Mk) =
Mk∑
j Mj

P (Mk|Ti) =
Rki∑
j Rkij

into

(15), where Ti is the TCS to be calculated, Mk represents
the differential quantity of current versus time, Rki denotes
the construction function W (z). Fig. 2(c) shows the result of
Bayesian deconvolution through (16).

The TCS that was extracted from the original curve using
the derivative method is shown in Fig. 3(b). By comparing the
derivation method with the method based on Bayesian iteration,
we see that for the trap peaks obtained using the derivation
method, the time constants of 0.2 and 2 s are too close to each
other to distinguish. In addition, the strong peak signal with
a time constant of 10 s can hardly be recognized. In the TCS
extracted using the Bayesian iterative method, the trap peak
is shown clearly, and the time constant is extracted accurately.
The comparison shows that the time constant extraction method
based on Bayesian iteration offers obvious advantages in terms
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Fig. 2. (a) Construction curve containing time constant of 0.2, 2, and 10 s.
(b) TCS calculated by the derivative method. (c) TCS calculated by Bayesian
deconvolution.

Fig. 3. Influence of different iteration numbers on TCS calculated by Bayesian
deconvolution.

TABLE I
TIME CONSTANT ERROR

of trap time constant extraction accuracy and the distinction of
nearest neighbor time constants.

Fig. 3 plots the TCS calculated under different iterations
using the data in Fig. 2(a). It can be seen that the peak value
of the trap increases with iteration numbers, which confirms
that the number of Bayesian deconvolution iterations enhances
the signal effect. Table I presents the calculated error between
the construction time constant and the actually calculated time
constant. The minimum error is about 1%, the maximum error
is about 5%, and the average error is about 2%.

C. Trap Activation Energy Characterization Using Bayesian
Deconvolution Transient Current Method

To obtain both the location and the activation energy of the
trap, we record the transient changes in the device drain current,
apply the Bayesian iterative deconvolution algorithm to extrac-
tion of the time constant, analyze the changes in the trap time
constant under various ambient temperatures, and then extract
the deep-level trap’s activation energy in combination with the
Arrhenius equation. This procedure includes the following main
steps.

1) Collect the transient changes in the drain current occurring
under different ambient temperature conditions.

2) Extract the time constant of the drain current transient
response curve.

3) Using the Arrhenius equation, calculate the trap activation
energy based on the change in the time constant with
temperature.

To obtain the transient change curve for the drain current,
which contains the trap information, we first apply an electrical
bias between the gate and source electrodes (gate–source voltage
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Fig. 4. (a) Testing circuit schematic diagram. (b) Bias sequence.

Vgs = 8 V; drain-source voltage Vds = 0 V) for 200 s to ensure
that the trap is fully filled with electrons. The electrical bias is
then converted from the filling state into the measurement state,
and the transient change in the drain current is collected simul-
taneously. The sampling time interval is 1 ms, and the sampling
instrument is the Agilent B1505 analyzer. Because the drain
current change is mainly affected by the trap and self-heating, we
set the drain electrical bias in the acquisition state to (gate–source
voltage for measurement Vgm = 6.5 V; drain-source voltage for
measurement Vdm = 1 V) to avoid the influence of self-heating.
Under these electrical bias conditions, the drain current is less
than 50 mA, the dissipated power is approximately 0.05 W, the
device thermal resistance is 1.12 °C/W when the heat dissipation
is good, and the temperature change in the active region caused
by these test conditions is approximately 0.056 °C. It can thus be
considered approximately that the influence of self-heating can
be ignored. The specific electrical connections and bias sequence
used in the measurement process are shown in Fig. 4.

The platform temperature was changed, causing the tempera-
ture to rise from 30 °C to 60 °C in steps of 10 °C. The steps
above were then repeated at the various temperature points
above, but with an interval of 6 h between the two measurement
processes, and each electrode was short circuited after addition
of the reverse bias to the gate–source electrode for a period
of time to accelerate the recovery of the device [27], avoid any
impact of repeated measurements on the trap state, and ensure the
repeatability of the measurement results. The transient change
curve for the drain current caused by the trap state at the different
temperatures is shown in Fig. 5(a).

When the Bayesian iterative deconvolution time constant
extraction method described in Section II-B is used to extract
the time constants of the transient current response curves at
the different temperatures, as illustrated in Fig. 5(b), the figure
shows that three time constant peaks can be extracted from each
curve, and the amplitudes of these peaks increase with increas-
ing temperature, indicating that larger numbers of carriers are
injected into the interface state when the temperature increases.
Among these characteristics, the time constant of Dp1 remains
almost unchanged, whereas the time constants of Dp2 and Dp3
decrease gradually with increasing temperature (Dp refers to
the trap calculated by the transient current method of Bayesian
deconvolution).

Fig. 5. (a) Transient current curve. (b) Time constant plot.

Using the change in the time constant in combination with the
Arrhenius equation [28], we obtain

en = γnσnT
2 exp

(
−Ea

kT

)
(17)

where en is the electron emissivity, σn is the trap density, γn is
the exponential factor, T is the temperature of the device’s active
region, and τ is the time constant of the trap at this temperature,
which is related to the electron emissivity en in a reciprocal
relationship, i.e., en = τ−1 . Additionally, k is the Boltzmann
constant, and Ea is the activation energy.

The required formula can then be obtained by performing an
equivalent transformation and taking the following numbers:

ln

(
1

T 2τn

)
= ln

(
γnσn exp

(
−Ea

kT

))
(18)

ln
(
T 2τn

)
= Ea

1

kT
− ln (γnσn) . (19)

Here, ln(T 2τn) is the ordinate and 1/kT is the abscissa.
The linear slope produced by plotting the values obtained at
the different temperatures gives the activation energy for the
corresponding trap.

Finally, the activation energies of Dp2 and Dp3 are calculated
to be 0.035 and 0.089 eV, respectively, using the Arrhenius
equation formula. The results are shown in Fig. 6. Because
there is no movement in Dp1, its activation energy cannot be
calculated. If the maximum error of about 5% in Table I is
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Fig. 6. Activation energy of Dp2 and Dp3.

considered, the substitution calculation has little influence on
the extraction of the final activation energy, and it can be almost
ignored.

Since Dp1 hardly changes with temperature, the trap may
be caused by Fowler Nordheim tunneling effect. When the
barrier height reaches a certain value due to the applied voltage,
electrons will tunnel directly into the oxide layer regardless
of the barrier height. Many previous studies [29], [30], [31]
reported the influence of Fowler Nordheim tunneling on device
characteristics. According to [31], the temperature coefficient
of Fowler Nordheim electron barrier height is a very small
negative number (dϕB/dT = − 0.98 meV/◦C), which also
confirms the possibility that Dp1 is Fowler Nordheim tunneling.
As the barrier height temperature coefficient is negative, when
the temperature rises, the Fowler Nordheim electron barrier
height decreases slightly under the same electric field strength.
The probability of electron tunneling increases slightly, which
is reflected in Fig. 5(b), and the amplitude of Dp1 only increases
slightly. The amplitude changes of Dp2 and Dp3 are obviously
larger than Dp1, because Dp2 and Dp3 are traps caused by hot
carrier injection. With the increase in temperature, more and
more hot carriers are excited and injected, resulting in significant
changes in amplitude.

D. Trap Activation Energy Characterization Using
Deep-Level Transient Spectroscopy

To verify the accuracy of the experimentally obtained activa-
tion energy characterization results obtained above, we tested
the traps of the device via deep-level transient spectroscopy.

The deep-level transient spectrum (DLTS) is used to calculate
the trap information based on the transient change of metal–
oxide–semiconductor (MOS) capacitance. At time t, the MOS
capacitance difference between t and the steady state is

ΔC (t) = ΔC0e
− t

τ . (20)

It can also be seen from (17) that en is a function of tempera-
ture. The DLTS technology takes advantage of the temperature
characteristics of en and sets an “emissivity window” to obtain
en(T ) from the capacitance transient, thus obtaining the basic
physical parameters of the deep level.

The “emissivity window” means that the capacitor is tran-
siently sampled and subtracted by the sampling average at fixed
times t1 and t2 after the pulse, that is, the output of the sampling
average is

S (T ) = ΔC (t2)−ΔC (t1)

= ΔC0

(
e−t1en(T ) − e−t2en(T )

)
. (21)

If the temperature changes, both en(T ) and S(T ) will be
different. The extreme value of the above formula can be found,
when T = Tm , where Tm meets

en (Tm) =
ln
(

t2
t1

)
t2 − t1

. (22)

At the same energy level, the selected values of t1i and t2i are
different, and the values of emissivity en(Tmi) at the different
extremum temperatures Tmi can then be obtained. By bringing
en = τ−1 into (19), we know that ln en

T 2 is a straight line with
respect to 1

T , its slope is −Ea

T , and its intercept is related to σn.
According to the obtained values of emissivity en(Tmi) at the
different temperatures Tmi, Ea can be obtained from ln en

T 2 − 1
T

to give the activation energy information.
The capacitance deep-level transient spectroscopy (C-DLTS)

test was conducted on the SiC MOSFET with a reverse voltage
VR = −1 V and a forward fill pulse bias Vp = 5 V, and the
pulsewidth (tp) was 250 μs. By selecting a sufficiently large t1
value and only counting the signals that were generated after
hole recovery, interference from the hole recovery process in
the well state analysis can be avoided. The C-DLTS spectrum
in the rate window between t1 = 1.96 ms and t2 = 48.13 ms
is shown in Fig. 7(a) within the temperature range from
50 to 500 K.

The peak position in Fig. 7 has changed and can be determined
according to TW and en given. It can be seen from (20) that the

temperature T is determined by
ln(

t2
t1

)

t2−t1
when the peak occurs.

Since TW = t2 − t1, it can be seen from the derivation in
(22) that en(Tm) is a subtractive function within the normal
value range of TW (TW > 0), that is, en(Tm) will decrease
with the increase of TW . According to (17) that when Ea > 0,
en increases with T. In summary, when TW increases, Tm will
decrease, resulting in the peak moving to the left.

Two peaks, denoted by Trp1 and Trp2 (Trp is the activation
energy calculated using DLTS), were obtained through DLTS
testing. However, because the Trp2 peak does not obviously
change, the activation energy of this trap cannot be calculated.
Finally, only the activation energy of Trp1 can be calculated, and
it is 0.088 eV. The results are shown in Fig. 7(b). Comparison
of these results with those measured by the method proposed in
this article shows that the activation energy of Trp1 is almost the
same as that of Dp3 when calculated using the proposed method,
whereas the characteristic for Trp2 is consistent with that of Dp1.
The activation energies cannot be calculated for the latter peaks
and they show almost no change with temperature; Dp2 has no
corresponding peak in DLTS, and the specific reason for this
will be discussed when studying trap locations in Section III-B.



JIANG et al.: TRAP CHARACTERIZATION OF TRENCH-GATE SIC MOSFETS BASED ON TRANSIENT DRAIN CURRENT 6561

Fig. 7. (a) Spectral diagram of C-DLTS when the reverse voltage VR =−1 V
and the pulse voltage VP = 5 V. (b) Trap activation energy characteristics
measured by DLTS.

III. TRAP LOCATION

To study the trap, we must not only obtain the activation
energy of the device but also determine the specific trap location.
Due to the different electrical bias conditions (Vgs and Vds)
during filling, the filling processes of traps at different positions
are also different. We therefore applied different electrical biases
to the device to fill the traps at different positions in the device,
then recorded the transient current curve during the electrons
release, and extracted the TCS in each case. Because the area
enclosed by each peak in the TCS represents the influence
of traps on drain current during recovery. By comparing the
variation of TCS of transient drain current during recovery after
filling with different electrical biases, a reasonable conclusion
can be made on the location of the traps.

A. Traps Filled by Different Gate–Source Voltage

To determine the influence of gate voltage on trap filling,
gate–source stress is first applied to the device to fill the traps.
To make the time constant peak of traps appear in a more obvious
manner, we increased the test voltage Vdm to 10 V to produce
a more obvious current change. At this level, the power could
still be guaranteed to be less than 0.5 W, and the temperature
rise could still be ignored. Fig. 8(a) shows the transient current

Fig. 8. (a) Transient current curve. (b) TCS when Vds = 0 V.

change curve that was obtained when the filling gate voltage
changed from 8 to 14 V, and Fig. 8(b) shows the TCS.

As shown in Fig. 8, when the gate voltage increased during
filling, three different time constant peaks were obtained, which
were designated Dp1, Dp2, and Dp3. The time constant of Dp1
is approximately 100 ms, that of Dp2 is approximately 4 s, and
that of Dp3 is approximately 100 s. When the filling gate voltage
increased, the peak values of Dp1, Dp2, and Dp3 also increased
in tandem. Because these three traps changed significantly with
the increases of the filling gate voltage, it can be concluded
preliminarily that the three types of trap are all affected by the
gate voltage and thus may be located near the gate; however,
their specific distribution is worthy of further discussion.

Because the test device is a trench-gate SiC MOSFET, the trap
filling caused by the gate voltage will not only occur on both
sides of the channel but also will cause trap filling under the
gate trench. As a result, the carriers will be injected not only
into the SiO2 layer or the SiC layer on the gate–source side
but also into the SiO2 layer or the SiC layer of the gate–drain
structure below the gate trench, as illustrated in Fig. 9. However,
it is very obvious that the influence of carriers injected into the
gate–source structure on the drain current will be more obvious,
because this structure is located in the key position that controls
device conduction, and it can thus affect the current directly
when the electrons are released. The changes in the amplitudes of
the time constant peaks in Fig. 8(b) show that Dp1 and Dp3 vary
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Fig. 9. Schematic diagram of trap filling process.

more obviously with changes in the applied gate voltage, and
the changes in their amplitudes are significantly greater than the
changes in Dp2. Therefore, it can be inferred from these results
that Dp1 and Dp3 may be located at the SiC/SiO2 interface
between the gate and the source at the channel. Additionally,
Dp2 may be located at the SiC/SiO2 interface between the gate
and the drain at the bottom of the gate trench. Because it is not
located on the main conduction path, its amplitude is relatively
less responsive to changes in the gate pressure.

According to the activation energy calculated in Section II-C,
Dp2 and Dp3 are the traps in the interface state [32], [33], [34],
[35], [36], which have activation energy lower than 0.1 eV of
SiC conduction band. And according to [37], there are still other
ultrashallow and ultra-deep-level defect distributions after NO
nitridation, which further confirms the existence of traps with
activation energy below 0.1 eV in the device. Based on the
analysis in Section II-C, it can be preliminarily inferred that
Dp1 locates in the oxide between the gate and the source, Dp2
is the SiC layer trap between the gate and the drain, and Dp3
is the SiC layer trap between the gate and the source. However,
the specific locations of these three traps still require further
confirmation.

B. Traps Filled by Different Drain-Source Voltage

To verify the speculation in the preceding section about the
trap positions, the influence of the drain bias voltage on the
drain current was also measured. On the basis of the preceding
experiments, the filling drain voltage was changed from 0 to 10 V,
and the other conditions remained unchanged. By performing
experiments corresponding to the two groups in the previous
section, the specific effects of the drain voltage on the traps in
the device were compared. Fig. 10(a) shows the transient current
variation curve that was obtained when the filling drain voltage
was fixed at 10 V and the filling gate voltage was varied from 8
to 14 V, and Fig. 10(b) shows the calculated TCS.

It is obvious from Fig. 10(a) that after the filling drain voltage
was fixed at 10 V, the transient current curves with the filling
gate voltages of 8 and 10 V changed obviously, and the curve
with the filling gate voltage of 8 V actually changed from its
original gradual upward trend to a downward trend. The TCS
diagram shows that Dp2 changed significantly; its peak reversed
at Vgs = 8 V, and the peak disappeared completely at Vgs = 10 V,
indicating that the electron capture characteristics of traps had
also changed at that stage. With increasing filling gate voltage,
Dp2 also played a role in electron release again.

Fig. 10. (a) Transient current curve. (b) TCS when Vds = 10 V.

To see the changes in the TCSs more clearly, the TCSs in
Fig. 10(b) were compared with that in Fig. 8(b). The compar-
isons are summarized in Fig. 11 with curves of the same Vgs

presented in one figure. It can be seen that the time constant in
each figure is basically unchanged with the same Vgs. In addition,
it is worth noting that with the same Vgs in each figure, the
amplitude of Dp2 is larger under a smaller Vds. It is indicated
that an increase in the drain voltage leads to a reduction in the
potential difference between the gate and the drain, and a change
in the electric field will affect the filling of the traps directly.

For Dp2, when Vgs is less than Vds in Fig. 11(a), because an
N-drift region exists under the gate trench, the voltage difference
between the gate and the drain will be negative, which will then
lead to carrier inversion under the gate. The majority carriers
that were originally located under the gate trenches change from
electrons to holes, as illustrated in Fig. 12(a). The schematic
energy band diagram is shown in Fig. 13(a). The holes generated
by the negative Vgd fill the trap Dp2 at the interface, which finally
releases the holes when the trap is released and the total current
decreases. And the positive Vgs in the SiO2 layer will also fill
Dp1 slightly. So in the TCS, the peak direction of Dp2 is also
reversed relative to that at Vds = 0 V, and the amplitude of Dp1 is
also greatly reduced, as shown in Fig. 11(a). When Vgs is equal to
Vds, the voltage difference between the gate and the drain is zero.
Because the trap filling behavior is caused by the voltage and
there is no potential difference between the gate and the drain,
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Fig. 11. Comparisons of TCSs with Vds of 10 and 0 V, when Vgs is (a) 8 V,
(b) 10 V, (c) 12 V, and (d) 14 V.

Fig. 12. Schematic diagram of trap release behavior. (a) Trap state under the
trench when Vgs is less than Vds. (b) Trap state under the trench when Vgs is
equal to Vds. (c) Trap state under the trench when Vgs is greater than Vds.

Fig. 13. Energy band diagram below the trench (a) when Vgs is less than Vds,
(b) when Vgs equals to Vds, and (c) when Vgs is larger than Vds.

the trap is not then filled, as shown in Fig. 12(b). According to the
energy band diagram in Fig. 13(b), since Vgd is 0 V, it appears
as a nearly flat band and the traps are not filled. The peak in
the TCS thus disappears, as shown in Fig. 11(b). When Vgs is
greater than Vds, the voltage difference between the gate and the
drain is positive, the majority carriers accumulate under the gate
trench, and the traps capture the electrons, as shown in Fig. 12(c).
As illustrated in the energy band diagram in Fig. 13(c), the

accumulation of majority carriers happens because the posi-
tive Vgd fills the trap Dp2, and this causes the current to rise
when the electrons are released. At the same time, electrons
can also tunnel through the SiO2 barrier to fill Dp1 slightly.
Additionally, as the gate–drain voltage difference increases, the
accumulation of the carriers also increases, which results in more
electrons being captured by the traps, and the peaks of these
traps then gradually increase, as shown in Fig. 11(c) and (d).
This further verifies the good response of Dp2 to the gate–drain
voltage.

However, because Dp1 and Dp3 are located between the gate
and the source, they are affected less strongly by the drain
voltage, and thus only show a good response to the gate–source
voltage; their peak values in the TCS thus do not change as
much as that of Dp2, as shown in Fig. 11(a)–(d). Based on the
fact that Dp2 is highly sensitive to changes in the drain voltage,
the previous speculation above can be confirmed, and it is thus
roughly determined that the position of Dp2 differs significantly
from those of Dp1 and Dp3, and it should be the SiC layer trap
at the SiC/SiO2 interface located under the trench.

This trap location distribution can also explain why Dp2
did not show a specific peak in the DLTS testing. When the
pulse voltage was applied to the gate and the source of the
device during DLTS testing, the transient capacitance change
response only reflected the transient capacitance change between
the gate and the source. The calculated results only reflect the
trap information between the gate and the source. The final re-
sults Trp1 and Trp2 corresponded to Dp1 and Dp3, respectively,
because their specific locations were between the gate and the
source. The possible location of Dp2 is between the gate and
the drain, and there is no corresponding peak in the DLTS test
results because no pulse voltage is applied between the gate and
the drain; additionally, the drift zone between the gate and the
drain is very thick, and its capacitance is therefore too small to
allow the actual change to be observed.

IV. CONCLUSION

In this article, three traps designated Dp1, Dp2, and Dp3 in an
SiC MOSFET were determined using a transient current method
based on Bayesian deconvolution, and their time constants were
approximately 0.1, 4, and 100 s, respectively. Through repeated
detrapping experiments performed at different temperatures, the
activation energies of the Dp2 and Dp3 traps were found to be
0.035 and 0.089 eV, respectively. However, the activation energy
of Dp1 could not be calculated. The results were validated by
comparison with those from DLTS testing. Both traps with an
activation energy of 0.089 eV and trap peaks with an activation
energy that could not be calculated were obtained, and the
results show good agreement. Finally, by varying the filling
voltage conditions, the possible locations of these three traps
were preliminarily identified. Dp1 and Dp3 may be located
between the gate and the source, where Dp1 is the oxide layer
trap, and Dp3 is SiC layer trap the oxide layer trap; Dp2 may
also be a SiC layer trap located between the gate and the
drain and below the trench. In summary, this article provides
a new method for characterization of SiC MOSFET traps, but the
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numbers and locations of these traps may vary depending on the
device structure. Further research will be required to determine
the exact locations of the traps.

In summary, this article provides a new method for charac-
terization of SiC MOSFET traps. The transient current method
based on Bayesian deconvolution is used to measure trap infor-
mation. Compared with other trap characterization methods, the
testing instrument and environment of this method are relatively
uncomplicated, and the activation energy information as well as
TCS of the trap can be obtained simultaneously by measuring
the transient drain current change. However, there are also some
shortcomings, such as the inability to measure the concentration
of traps, and the inability to characterize specific interfacial trap
density information. At the same time, because the method relies
on time constant information for trap characterization, it cannot
distinguish traps with the same time constant. But through the
integration of the TCS image, the specific impact of each trap on
the current can be recognized and the trap quantity information
can also be reflected, which is worth further study.
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