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ABSTRACT

Numerical calculation of trap-assisted tunneling (TAT) current was performed and trap levels that dominantly contribute to the TAT
current at non-alloyed contacts formed on phosphorus ion-implanted n-type SiC were speculated. Based on a careful discussion focusing on
the impact of the energy level of traps on the tunneling probability and tunneling current, it was found that the energy level contributing to
the TAT current was sensitively varied depending on the applied voltage. It turned out that a trap located at the half energy of the Schottky
barrier height from the conduction band edge mainly contributed to the enhanced TAT current under a reverse bias, while shallower traps
were responsible for the forward TAT current.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0258366

I. INTRODUCTION

Thanks to the high critical electric field (�2.5 MV/cm), silicon
carbide (SiC) has become an attractive alternative to silicon (Si) in
high-voltage power device applications.1–4 SiC Schottky barrier
diodes (SBDs) and metal-oxide-semiconductor field-effect transis-
tors (MOSFETs) have already been put into real power conversion
systems, achieving a significant loss reduction.5–7 SiC is also
regarded as a promising semiconductor material for high-
temperature electronics because of its wide bandgap (3.26 eV),8,9

and operation of transistors and logic circuits at an elevated tem-
perature (.300 �C) has been demonstrated.10–13

Ion implantation is a key technology for fabricating these elec-
tronic devices. The ion implantation process for SiC has been
developed, and wide-range control of the doping density has been
achieved for n- and p-type SiC by nitrogen (N), phosphorus (P),
and aluminum (Al) ion implantation.14–17 Besides, electrical prop-
erties in ion-implanted regions, including carrier density, mobility,
and resistivity, have been intensively studied.18–21 On the other
hand, fundamental properties at electrodes formed on ion-
implanted SiC, such as barrier height and carrier transport

mechanism, have less been focused on so far.22,23 Understanding
the contact properties of metal/heavily ion-implanted SiC struc-
tures is particularly important for ohmic contacts, which are often
formed on ion-implanted region with a very high doping density
(.1019 cm�3).

We have worked on characterization of the barrier height and
carrier transport at non-sintered metal/heavily doped SiC interfaces
(i.e., heavily doped SiC Schottky interfaces) as an important first
step toward improving the ohmic contact formation process, while
thermal treatment is usually required for obtaining low-resistance
and stable ohmic contacts on SiC.24–26 In the case of Schottky con-
tacts on heavily doped SiC epitaxial layers, current–voltage (I–V)
characteristics are well described by direct tunneling (DT), includ-
ing both the thermionic field emission (TFE) and field emission
(FE).27–29 When contacts are formed on ion-implanted SiC, on the
other hand, the current density at the interface is found to be larger
by several orders of magnitude than that at contacts on epitaxially
grown SiC with almost identical doping density.23,30 Capacitance–
voltage measurements on vertical SBD structures fabricated with
Pþ-implanted SiC revealed that the barrier height at the metal/ion-
implanted SiC interface was almost the same as that at an interface
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on epitaxial SiC, and both values were close to the ideal barrier
height expected from the difference in the work function of the
electrode and SiC.23 Since it is known that high-energy ion bom-
bardment generates various kinds of defect levels in the
bandgap,31–34 the enhanced current is plausibly explained by the
contribution of trap-assisted tunneling (TAT) through
implantation-induced deep levels.23,35

The enhanced current by TAT at metal/ion-implanted SiC
contacts is advantageous for ohmic contact formation. Indeed,
without high-temperature sintering (�1000 �C), which is the stan-
dard process for ohmic contact formation on SiC,24–26 we demon-
strated a very low contact resistivity (ρc) of 10�6 Ω cm2 for
magnesium (Mg) and titanium (Ti) electrodes formed on heavily
Pþ-implanted n-type SiC (3�7� 1019 cm�3).35 Although how
TAT contributes to the carrier transport at metal/ion-implanted
SiC interfaces was discussed based on the doping density depen-
dence of ρc,

35 a quantitative analysis of the TAT current at metal/
SiC contacts has not been achieved. Toward gaining a deeper
understanding of the TAT phenomenon and precisely modeling a
ρc at SiC ohmic contacts, the interface carrier transport should be
further investigated by combining the calculation and experiment.
In the present study, numerical calculation of TAT current is per-
formed assuming various energy levels of traps, and it is specu-
lated which trap dominantly contributes to the enhanced
tunneling current at contacts formed on heavily Pþ-implanted
SiC.

II. CALCULATION

Figure 1 depicts a schematic band diagram of TAT through a
Schottky barrier under a reverse bias. When carriers pass through a
defect level (position: xT), the tunneling path is divided into two
shorter ones, leading to an enhanced tunneling probability. The

calculation of tunneling probability is based on the Wentzel–
Kramers–Brillouin (WKB) approximation,36

P(E) ¼ exp � 2
ffiffiffiffiffiffiffiffi
2m�p

�h

ðxout
xin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U(x)� E

p
dx

� �
, (1)

where �h is the Dirac constant, m� is the tunneling effective mass,
U(x) is the energy potential in the space charge region, E is the
energy of a carrier along the tunneling direction, and xin and xout
are the positions of an incident and a transmitted carrier, respec-
tively. The typical values of xin and xout are in sub-nanometer and
several-nanometer orders, respectively, while these values strongly
depend on the energy of an electron and applied voltage. As for
TAT, previous studies37–39 derived an expression for the tunneling
probability [PTAT(E)] by considering the equilibrium condition of
the carrier capture/emission via tunneling as follows:

PTAT(E) ¼ NTσT
P1(E)P2(E)

P1(E)þ P2(E)
, (2)

where NT is the trap density (area density) and σT is the capture
cross section of the trap for tunneling carriers. P1(E) and P2(E) are
the probabilities of tunneling from the metal to the trap level
(x0 ! xT) and from the trap level to the semiconductor (xT ! x1),
respectively, as illustrated in Fig. 1. Note that the factor NTσT can
be interpreted as an indicator of how easily the tunneling carrier
encounters a trap. Using PTAT(E), the TAT current is calculated as

JTAT ¼ A�T
kB

ð
PTAT(E) ln

exp{�(E � EFm)=kBT}þ 1
exp{�(E � EFs)=kBT}þ 1

� �
dE, (3)

where A� is the effective Richardson constant (151A=cm2 K2 for
n-type SiC35), T is the absolute temperature, kB is the Boltzmann
constant, and EFm and EFs are the Fermi levels in the metal and the
semiconductor, respectively. The above formulas are for tunneling
from the metal to the semiconductor, while the tunneling current
in the opposite direction can be calculated by flipping EFm and EFs
in Eq. (3). Regarding tunneling probability for forward bias condi-
tions, P1(E) and P2(E) are defined for tunneling from the semicon-
ductor to the trap (x1 ! xT) and from the trap level to the metal
(xT ! x0), respectively.

In this study, the TAT current was calculated by varying the
energy level of the trap (ET), which is directly linked with xT. In
Eq. (1), the electron effective mass along the c-axis at the conduc-
tion band edge (0:33m0

40) was chosen as m� to compare the calcu-
lated I–V curves with experimental results for metal/Pþ-implanted
SiC(0001) Schottky contacts. U(x) was defined by considering
image force potential,41 expressed as

U(x) ¼ e2ND

2εs
x2 � e2NDw

εs
x � e2

16πεsx
, (4)

where e is the elementary charge, ND is the net donor density, εs is
the dielectric constant of SiC (10:32ε0 along the c-axis17), and w is
the depletion layer width. The value of ND was assumed to be
5� 1018 cm�3, and the zero-field barrier height (fB0), without

FIG. 1. Energy band diagram of an n-type SiC Schottky structure for numerical
calculation of TAT current.
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including the image force effect,42 was set to be 1.0 eV, which cor-
responds to the typical barrier height at the Ti/n-type SiC inter-
face.35,42,43 Since NT and σT are unknown parameters, some
assumptions are required in the calculation. Regarding NT (unit:
cm�2), the volume density of the trap was assumed to be a hun-
dredth of ND (i.e., 5� 1016 cm�3),34 and it was also assumed that
these traps are uniformly distributed in the ion-implanted region.
Considering the process condition in our experiment,23 the implan-
tation depth of 600 nm was used, and NT was calculated as
3� 1012 cm�2. Since the capture cross section of defects, σT, for
the interaction with tunneling carriers might differ from that with
carriers inside the conduction band, this parameter is unknown in
the analysis of TAT current. Thus, in this study, σT of 1
�10�13 cm2 was assumed, resulting in the NTσT value of 0.3.
Note that varying the value of σT directly leads to a change in
the TAT current, that is, the calculated TAT current becomes
ten or hundred times smaller when using σT ¼ 1� 10�14 or
1� 10�15 cm2, respectively. Based on the above calculation condi-
tions, TAT current was numerically calculated with various ET
values from EC � ET ¼ 0:1 to 0.9 eV, where EC is the conduction
band minimum.

III. RESULTS

Figure 2 shows the (a) band diagram near the metal/SiC inter-
face, (b) tunneling probability, and (c) tunneling current, which
were calculated under the forward bias of V ¼ þ0:1V. In Fig. 2,
the case of TAT through a trap with EC � ET ¼ 0:3 eV is displayed
as an example, and the calculated data for DT28,35 are also plotted
for comparison. As shown in Fig. 2(b), PTAT(E) is several orders of
magnitude higher than the DT probability [PDT(E)] at a given

energy. Note that the maximum value of the tunneling probability
for TAT does not reach unity because the shortest tunneling dis-
tance, which depends on the energy level of a trap, never becomes
0 (i.e., xin = xout). Since a larger number of electrons exist at a
lower energy, the increased tunneling probability for TAT in a low
energy range directly leads to the enhanced tunneling current and
a lower value of Epeak, which is defined as an energy where electron
tunneling most frequently occurs,28,35 as shown in Fig. 2(c). Two
components of the TAT probability, P1(E) and P2(E), are also
plotted in Fig. 2(b). It is found that the total TAT probability is
close to the smaller one of P1(E) or P2(E), that is, tunneling
through a longer path basically determines the total TAT current.
Thus, it is expected that the TAT current is most enhanced when
the tunneling path is divided into almost halves, that is, the rela-
tionship of P1(E) ≃ P2(E) is satisfied. Since the energy level of a
trap directly determines the position where the tunneling path is
divided, the trap level that carriers pass through during tunneling
has a strong impact on the TAT current.

Figure 3 shows the (a) forward and (b) reverse I–V character-
istics at n-type SiC Schottky contacts with fB0 ¼ 1:0 eV calculated
based on the TAT model assuming various ET. The gray dashed
lines represent the calculated DT current. It is found that the calcu-
lated I–V characteristics for TAT are very different depending on
which trap level is passed through. Under a forward bias, the TAT
current is larger than the DT current in a wide voltage range when
passing through relatively shallow levels (EC � ET ¼ 0:2�0:3 eV).
TAT through a trap with EC � ET ¼ 0:4 eV offers the largest
current in a low voltage range (V & þ0:1V), and a deeper trap
with EC � ET . 0:4 eV leads to a smaller TAT current and a nar-
rower voltage range where the tunneling current is enhanced. It
was confirmed that the calculated TAT current with the energy

FIG. 2. (a) Band diagram, (b) tunneling probability, and (c) tunneling current as a function of electron energy calculated based on the DT and TAT models. EC, neutral indi-
cates the conduction band edge in the neutral region in SiC (i.e., outside the depletion region).
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level of EC � ET � 0:6 eV was almost identical with the DT
current. In the reverse characteristics, the TAT current becomes
larger in an entire voltage range with the contribution of deeper
traps for EC � ET � 0:5 eV, while the TAT current in a lower
voltage range (�1V , V , 0V) turns to decrease for a deeper
energy level (EC � ET . 0:5 eV). Note that the calculated TAT
current is comparable with the DT current when assuming traps
with EC � ET � 1:0 eV. It is noteworthy that the TAT current
through EC � ET ¼ 0:4 or 0.5 eV under a very small forward or
reverse bias is several orders of magnitude larger than the DT
current, which directly leads to a low contact resistivity of SiC
ohmic contacts. Then, we tried to clarify the voltage-dependent
changes in the trap level that dominantly contributes to the
enhanced tunneling current based on the ET dependence of
PTAT(E) under each bias condition.

Figure 4(a) shows the calculated DT and TAT currents in a
forward-biased n-type SiC Schottky structure. The calculated band
diagram, tunneling probability, and tunneling current as a function
of the energy are extracted for two applied voltage conditions of
V ¼ þ0:05V and þ0:25V, and are shown in Figs. 4(b) and 4(c),
respectively. Under a very low forward bias of V ¼ þ0:05V, a
defect with the energy level of EC � ET ¼ 0:4 eV gives the highest
tunneling probability in a lower energy range among various trap
levels, resulting from an almost identical tunneling distance for the
two paths divided. Although the trap level of EC � ET ¼ 0:4 eV
enhances the tunneling probability in a limited energy range com-
pared with EC � ET ¼ 0:3 eV, the highest probability for TAT with
EC � ET ¼ 0:4 eV at a lower energy, where more electrons exist,
effectively increases the tunneling current, as seen in Fig. 4(b). On
the other hand, the dominant trap level is changed at an increased

applied voltage of V ¼ þ0:25V. In this situation, the dividing
position for deeper traps (EC � ET � 0:4 eV) shifts toward the
interface side, leading to the relationship of P1(E) � P2(E) and
reduced value of PTAT(E). Note that a “hump” found in the
forward I–V curves with deep traps (EC � ET � 0:4 eV) can also
be explained by the shift of the dividing position and is not due to
a barrier inhomogeneity. Accordingly, a higher TAT probability
resulting from P1(E) ≃ P2(E) and a larger tunneling current are
obtained with a relatively shallow trap level (EC � ET ¼ 0:3 eV), as
shown in Fig. 4(c). As a result, under a forward bias, it is found
that the dominant trap level is sensitively varied depending on the
applied voltage condition: Traps with the energy level of EC
�ET ¼ 0:4 eV contribute to the enhanced tunneling current at a
very low voltage, while a shallower trap (EC � ET ¼ 0:3 eV) turns
to be responsible at a higher forward voltage.

Figure 5(a) plots the reverse I–V characteristics at an n-type
SiC Schottky contact calculated based on the TAT and DT models,
and Figs. 5(b) and 5(c) show the energy band diagram, tunneling
probability, and tunneling current under a low reverse bias voltage
(V ¼ �0:30V) and a higher reverse bias (V ¼ �1:0V), respec-
tively. As found in Figs. 5(b) and 5(c), a larger tunneling current is
obtained when the tunneling probability at the energy near EFm
(indicated by a chain line in the figure) is higher. In contrast to the
forward bias conditions, the dividing position for the tunneling
path is not much changed depending on the applied voltage, and a
trap with the energy level of EC � ET ¼ 0:5 eV provides the highest
tunneling probability and largest tunneling current under the two
applied voltage conditions. The TAT current becomes smaller
when assuming deeper traps with EC � ET . 0:5 eV due to the
unbalance between P1(E) and P2(E) near EFm. As a result, almost

FIG. 3. TAT current in an n-type SiC Schottky structure calculated under (a) forward and (b) reverse bias conditions assuming various trap levels.
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FIG. 4. (a) Forward I–V characteristics at an n-type SiC Schottky contact calculated based on the TAT model. Band diagram, tunneling probability and tunneling current
as a function of electron energy at (b) a low voltage (V ¼ þ0:05 V) and (c) a higher voltage (V ¼ þ0:25 V). EC, neutral is the conduction band edge in the neutral region
in SiC.
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FIG. 5. (a) Reverse I–V characteristics at an n-type SiC Schottky contact calculated based on the TAT model. Band diagram, tunneling probability, and tunneling current
as a function of electron energy at (b) a low voltage (V ¼ �0:30 V) and (c) a higher voltage (V ¼ �1:0 V). EFm is the Fermi level in the metal.
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in the entire voltage range calculated, a trap level with
EC � ET ¼ 0:5 eV, which is half of the Schottky barrier height
(fB0 ¼ 1:0 eV), is the dominant trap level contributing to the
enhanced tunneling current under a reverse bias condition.

IV. DISCUSSION

Based on the numerical calculation presented above, trap
levels that may significantly enhance the TAT current at metal/
heavily Pþ-implanted n-type SiC interfaces with fB0 ¼ 1:0 eV are
presumed to be EC � ET ¼ 0:3�0:5 eV, depending on the applied
voltage condition. These trap levels are compared with
implantation-induced defects reported for Pþ-implanted SiC based
on deep-level transient spectroscopy (DLTS) measurements,34

which are listed in Table I with the implantation dose and the
impurity density. Considering only the energy level of traps, IN2
(ID8) and IN3 (Z1=2) centers, whose energy levels are EC � ET
¼ 0:30 and 0.63 eV, respectively, are expected as responsible traps
for enhancing the TAT current among the reported deep levels. On
the other hand, focusing on the other trap parameters, especially
the capture cross section, the numerical calculation in this study
assumed a much higher value of σT than the reported values, even
if this parameter for the interaction with tunneling carriers might
differ from that with carriers inside the conduction band, as men-
tioned above.

Figure 6 shows the experimental I–V characteristics of the
Ti/n-type SiC vertical SBDs fabricated using Pþ-implanted SiC
(ND ¼ 5� 1018 cm�3).35 The values of the series resistance (Rs)
were extracted from the experimental forward and reverse I–V
curves as 33 and 95mΩcm2, respectively, and the voltage drop
due to Rs was considered when plotting the calculated I–V curves.
Since a hump is not found in the experimental forward I–V
curves, it is expected that the dominant trap level continuously
changes depending on the applied voltage, and traps with EC
�ET ¼ 0:3 and 0.4 eV would be mainly responsible for the
enhanced tunneling current. On the other hand, the calculated
TAT current through these traps is still much smaller than the
experimental forward I–V curves, especially at a low voltage, as
seen in Fig. 6. Although the calculation of the TAT current with
EC � ET ¼ 0:5 eV seems to reasonably reproduce the experimental
reverse I–V characteristics, the validity of the trap parameters
used in the calculation cannot be ensured at the present stage.
Therefore, it is the next subject of study to reveal the reason for
the large tunneling current in Schottky structures formed on

heavily ion-implanted SiC. Elucidation of the defect properties in
ion-implanted SiC with a very high doping concentration is an
important future challenge. While the maximum doping density
for DLTS-based characterization of deep levels was limited up to
1� 1018 cm�3 in literature,33,34 it is expected that more heavily
ion-implanted SiC contains more various kinds and larger
numbers of point defects. While a uniform distribution of
implantation-induced traps was assumed in the calculation, the
trap density near the surface of SiC could be higher than a deeper
region, which could lead to a larger TAT current. Thus, this
assumption should be carefully considered based on the experi-
mental validation. Besides, the presence of extended defects (e.g.,
stacking faults) is also expected in heavily ion-implanted SiC,
which form quantum wells at the band edge and possibly contrib-
ute to the TAT current. These defects should be identified based
on careful electrical measurements (e.g., DLTS) and structural
analyses [e.g., transmission electron microscopy (TEM)], and the
numerical calculation should be improved with updated defect
parameters in the future.

TABLE I. Major traps in P+-implanted SiC and their energy levels, capture cross sections, and densities reported based on DLTS measurement.34 The trap density is the
value obtained after performing thermal oxidation (1150 �C, 2 h) for two times.

Dose Impurity density Energy level Capture cross section Trap density
Label (cm−2) (cm−3) (eV) (cm2) (cm−3)

IN2 (ID8) 8.0 × 1013 1 × 1018 0.30 10−18 <2 × 1015

IN3 (Z1/2) 5.6 × 1010 7 × 1014 0.63 10−14 2 × 1014

IN6 8.0 × 1013 1 × 1018 1.0 10−15 <7 × 1015

IN8 8.0 × 1013 1 × 1018 1.2 10−15 <4 × 1015

IN9 (EH6/7) 5.6 × 1010 7 × 1014 1.5 10−14 2 × 1014

FIG. 6. Experimental I–V characteristics at a Ti Schottky contact formed on
Pþ-implanted n-type SiC (symbols)35 and calculated DT and TAT currents
(dashed and solid lines, respectively). Voltage drop due to a series resistance is
considered in plotting the calculated I–V curves.
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V. CONCLUSION

In this study, the energy level of a trap that dominantly con-
tributes to the enhanced tunneling current at metal/heavily
Pþ-implanted SiC interfaces was studied through the numerical
calculation of the TAT current. In the case of the barrier height
and donor density of 1.0 eV and 5� 1018 cm�3, respectively,
the applied voltage-dependent changes in the dominant deep
levels were discussed based on the tunneling probability and tun-
neling current as a function of the electron energy. It was found
that a relatively deep level of EC � ET ¼ 0:4 eV mainly contributes
to the increased TAT current under a small forward bias
(V & þ0:1V), while the contribution of shallower defect levels
(EC � ET ¼ 0:3 eV) becomes dominant at a higher forward voltage.
As for reverse I–V characteristics, a trap with the energy level of
EC � ET ¼ 0:5 eV, which is the half of the barrier height, is respon-
sible for the enhanced TAT current in an entire voltage range. The
insight regarding how the TAT current is influenced by the energy
level of traps is beneficial for deeper understanding of the carrier
transport phenomena at metal/heavily doped SiC and for designing
low-resistance ohmic contacts on SiC.
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