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ABSTRACT We develop a complete compact model to describe the forward current, reverse current, and
capacitance of SiC Schottky barrier diodes. The model is based on the fundamental current mechanisms
of thermionic emission and tunneling, and is usable over a large range of voltages, temperatures, and for
a large range of device parameters. We also demonstrate good agreement with measured data. Furthermore,
the development of this model outlines a methodology for transforming a tunneling equation into a compact
form without numerical integration—this methodology can potentially be applied to other device structures.

INDEX TERMS Schottky barriers, Schottky diodes, semiconductor device modeling, compact modeling,
semiconductor–metal interfaces, silicon carbide.

I. INTRODUCTION
Silicon carbide is one of the most important wide bandgap
semiconductors on the market today. SiC has better ther-
mal properties and a larger breakdown field than Si, which
allows it to perform better than Si in power devices and
in harsh environments [1]. When compared to other wide
bandgap semiconductors, the ability to grow a native oxide
has allowed SiC technology to progress at a much faster
rate. SiC MOSFETs have been commercially available since
2010, while SiC Schottky diodes have been on the market
for nearly two decades [1].
To best facilitate the use of these SiC devices, compact

device models are required. Unfortunately, such models are
often not available. This is particularly the case for SiC
Schottky diodes which, despite being a relatively simple
structure and being available for a long time, still do not have
an accompanying device model. This is primarily due to the
difficulty in accurately describing the reverse bias current,
which contains a significant tunneling contribution. Some
models for this have been reported [2]–[9], however they
require (at the minimum) numerical integration, which makes
them too computationally expensive for circuit simulations.
In this paper, we develop a compact model from the

ground up which is applicable over the entire range of

typical device operation. Our model is based on the fun-
damental physics, and so maintains the appropriate voltage
and temperature dependencies. We also demonstrate a good
match between our compact model and the practical device
characteristics.

II. OVERVIEW OF THE COMPACT MODEL
The simplest and most commonly used device structure for
a Schottky barrier diode is depicted in Fig. 1 a. It consists
of a metal anode contact deposited onto an epitaxial SiC
layer, which itself is grown on top of a SiC substrate. The
epitaxial layer has a much lower doping concentration than
the substrate. An edge termination is employed to limit the
field at the metal corners. We will assume that the edge
termination is effective at limiting the field so that the corner
conduction can be neglected. The type of termination is not
important, provided that it is well designed. A low resistance
Ohmic contact is deposited on the back of the wafer.
The equivalent circuit which we use in our compact model

is shown in Fig. 1b. It consists of four components: two vari-
able current supplies, which are used to model the forward
(IF) and reverse (IR) bias currents, a shunt capacitance (CD),
and a series resistance (Rs). Together, these four elements
describe the Schottky barrier diode. The equations that model
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FIGURE 1. (a) Structure of a Schottky barrier diode. (b) Equivalent circuit
of a Schottky barrier diode, consisting of two current sources (for the
forward and reverse bias currents), a shunt capacitance and a series
resistance.

each of these components are summarized in Table 1, and
the meanings of the symbols is given in Table 2. Note that in
this work, we will only consider the unavoidable fundamen-
tal mechanisms—defects that can cause elevated reverse bias
leakage at low temperatures [2], far-from-ideal forward bias
characteristics [11]–[19], and transient changes in the device
parameters [19]–[21], will not be considered. The next sev-
eral sections will describe, in greater detail, the development
of these equations.

III. FORWARD BIAS CURRENT
The forward bias current of SiC Schottky diodes is primar-
ily due to thermionic emission [2]. The thermionic emission
equation is given in (1). Here, we have included the barrier
lowering due to the image force and the bias dependence
of the barrier height due to near-interface traps [see (13)
and (14)]. These parameters replace the commonly used
ideality factor. A large non-ideality factor (n > 1.2) usu-
ally indicates the presence of barrier inhomogeneity [19];
for these devices, they can still be modeled using (1), but
the temperature dependence may be incorrect.
There are four primary parameters that need to be

extracted to model the forward bias current. These are the
area (A), the zero bias barrier height (�B,0), the conduction
effective mass of the metal anode (m*), and the near-interface
trap parameter (θ ), which can range from 0 to 1 and describes
the increase in barrier height with voltage due to the increas-
ing occupancy of the traps. The near-interface trap parameter
is related to the density and position of near-interface traps
by [2]:

θ = qDδ

εs
(17)

It is also necessary to know the built-in potential (Vbi) as
a function of temperature, so that the surface electric field
(ξ ) can be determined from the Poisson equation [which,

for the device structure shown in Fig. 1 a, is given by (16)].
This can then be used to determine the image force barrier
lowering by (13). The built-in potential is also needed for the
capacitance and, to a lesser degree, the reverse bias current.
This variable needs to be measured at different temperatures
for the device in question (the measurement is performed by
extrapolating plots of C−2 versus V back to C−2 = 0). From
this, a linear or almost linear relationship between Vbi and
temperature can be established for the device in question
over the operation range.
Additionally, for high forward-bias currents, the series

resistance RS will need to be considered. The voltage drop
across this resistance will mean that the voltage applied
across the device terminals is VA = V + RSIF. To deal with
this, fitting of the forward-bias parameters should be lim-
ited to small forward currents, when the log current versus
voltage plots are linear. The temperature dependence of the
series resistance will depend on the structure of the Ohmic
contact, and on the packaging. Therefore, as with the built-
in potential, it will need to be characterized for the device
in question (in this case, either from the slope of the linear
current-voltage characteristic, or from measuring the devia-
tion from linearity in the log current-voltage characteristic
at a certain current value). It is possible to develop a com-
pact model for the series resistance, based on the structure,
geometry, contact metallization, and the packaging, however
this is outside the scope of this paper.

IV. REVERSE BIAS CURRENT
The two primary current mechanisms in reverse-biased SiC
Schottky diodes are thermionic emission and tunneling [2].
Therefore, the main difficulty that is encountered when
attempting to develop a compact model is finding a way
of expressing this tunneling current. A complete description
of this contribution would require exact knowledge of the
electronic structures of both the metal and semiconductor,
and then to solve the Schrödinger equation (and possibly the
Poisson equation).
Practically speaking, this is not possible, and therefore sev-

eral assumptions are often employed to simplify the problem.
A free electron model is nearly always used in order to
describe the metal’s electronic structure [2]–[9], [22]–[24].
Many works also use a Wentzel–Kramers–Brillouin (WKB)
approximation to simplify the tunneling probability, although
the exact shape of the barrier that is modeled varies
[2], [3], [5], [7]–[9], [22]–[24].
Even with these simplifications, the current equation will

not be analytical and requires numerical solution methods. It
is possible, if the barrier is approximated as a simple shape,
to develop analytical expressions for the limiting cases (i.e.,
for large/small fields and or temperatures) [9], [22]–[24].
These equations, however, often perform poorly for SiC
for two reasons; one, the devices are often operated in the
intermediate regions between the limiting cases, and two,
these models do not account for the image force barrier
lowering.
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TABLE 1. Summary of the compact model equations.

The second point is crucially important for SiC [7]. Since
the breakdown field is so much larger, the electric field
at the metal–SiC surface can be much greater than for Si
Schottky diodes. The magnitude of the barrier lowering
is a function of the field [2] (see Table 1), and there-
fore it is a much more significant factor for SiC than
for Si. We can see this issue clearly in Fig. 2, where
we have applied the most commonly used compact model
(the Padovani-Stratton model [22]) to measurements of SiC
Schottky diodes. The model performs very poorly, primar-
ily due to the lack of the image force effect. If the image
force effect is included, then the models tend to perform bet-
ter. However, this makes the shape of the potential barrier
too complex to have simple analytical equations in any

region, let alone an analytical form across the whole range
of operation.
In our recent work, we were able to accurately model

the reverse bias current using a simplified barrier shape.
By treating the barrier as trapezoidal (triangular due to the
electric field, but truncated by the image force), we still
were able to include the image force correction, and so
achieve a good match to experimental data, despite the use
of a simplified barrier. Using that model, the reverse bias
current is [2]:

IR = A
4πqm∗kT

h3

∫ ∞

0
P(Ex)ln

[
1 + exp

(
EF − Ex
kT

)]
dEx

(18)
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TABLE 2. Symbol meanings.

where P is equal to 1 when Ex ≥ EF + qφB − q	φB, and
otherwise is [2]

P = exp

[
−4π

√
2mt∗

hqξ

√
EF + qφB − q	φB − Ex

×
(

2

3
{EF + qφB − Ex} + 1

3
q	φB

)]
(19)

FIGURE 2. Measured reverse current-voltage characteristic of a 650 V
rated SiC Schottky diode at different temperatures. The best fit using the
Padovani-Stratton model is also shown [22]. Details about the diode are
given in Section VI. The barrier height and conduction effective mass used
in the model were extracted from the forward characteristic in [2] (1.21 eV
and 0.359 × me respectively). The tunneling effective mass was 0.032 × me.
Note that the modeled current at room temperature is not shown.

FIGURE 3. Band diagram of a metal–semiconductor interface in reverse
bias. The three conductions mechanisms—thermal emission over the
barrier (IR−TE ), tunneling through the barrier at the Fermi level (IR−FE ),
and tunneling at energies above the Fermi level (IR−TFE )—are shown.

Although (18) and (19) are still not analytical, they are
a good compromise between simplicity of form and of accu-
racy. Therefore, they are good starting point for a compact
model of the reverse bias current, and so this is what the
model in this paper is based upon.
To approximate (18) and (19) using a compact model,

we have divided the current into three regions, based on
the conduction mechanism and denoted by their traditional
names. These are thermionic emission (IR−TE), field emis-
sion (IR−FE), and thermionic-field emission (IR−TFE). These
represent conduction over the barrier, tunneling through the
barrier around the Fermi level, and tunneling through the
barrier at elevated energies, respectively. These three cur-
rent mechanisms are illustrated in Fig. 3. The current due
to each of these components are detailed in the following
three sub-sections.
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FIGURE 4. Plot of the integrand of (18) as a function of energy for (a) field
and (b) thermionic-field emission. In each case, they are well
approximated by Gaussian distributions. The simulated device values were
m∗ = me, ΦB = 1 eV, mt = 0.25 × me, and T = 30◦C. In (a), ξ = 2 MV/cm,
while in (b) it is 1 MV/cm. The standard deviations of the best fit Gaussian
distributions were 74.2 meV (2.84 × kT) and 172.4 meV (6.60 × kT) for (a)
and (b) respectively.

A. THERMIONIC EMISSION
The contribution from thermionic emission is the simplest
case to model. This represents the case in (18) where P is
equal to 1 because Ex ≥ EF + qφB − q	φB. In this region,
the integral in (18) can be explicitly solved if a Maxwell-
Boltzmann distribution is assumed rather than a Fermi-Dirac
distribution [in (18), this is equivalent to taking ln(1 + x) ≈ x
for small x]. Doing so, we arrive at (3). This is identical to
the thermionic emission equation for forward bias [see (1)],
only without the voltage term, which reflects the fact that
the metal Fermi level does not change with the applied bias,
while the semiconductor one does.

B. FIELD EMISSION
To determine the field emission current, we will assume that
the integrand in (18) is a Gaussian function of Ex, which
is centered at the Fermi level. This is approximately true in
cases where field emission is the dominant mechanism, as
can be seen in Fig. 4 a. In cases where it is not dominant,
the contribution of electrons around the Fermi level will still
be calculated as if their contribution was Gaussian shaped.
In that way, when the field and thermionic-field emission
currents are comparable, then we will attempt to approximate
the integral as a sum of two Gaussians (one for field emission
and one for thermionic-field emission).
The integral of an arbitrarily scaled Gaussian is given

by σ
√

2π multiplied by the value of the function at the
mean. Therefore, the field emission component of the cur-
rent is simply the integrand of (18) evaluated at the Fermi
level, and then multiplied by σ

√
2π and by the constant

factors outside the integral. The standard deviation will be
an unknown function of both field and temperature, and it is
not possible to determine it explicitly from (18). To simplify
the problem, we will take the standard deviation to be X1kT ,
where X1 is a numerical parameter which will later be opti-
mized for a given device. Doing this gives (4). This parameter
represents a weighted average standard deviation for the field

emission current component across the operation range. The
validity of this approximation will depend on the specific
device, the range of operation, and the strength of the field
and temperature dependences (in particular, devices domi-
nated by high levels of field emission may have a weaker
temperature dependence in the standard deviation). Accuracy
may be improved by constructing a more advanced model
for the standard deviation, at the cost of additional fitting
parameters.
It should also be noted that for devices with low barrier

heights, or for low temperatures (well below room temper-
ature), the peak of the integrand can drop below the Fermi
level. In these cases, (4) will no longer be accurate. It is
possible for (4) to be modified to account for these cases
if necessary, however they are typically outside of the nor-
mal operating ranges of SiC devices, and so we view this
as unnecessary. These devices are not often operated at low
temperatures, and even if they are, the conduction will likely
be dominated by defects [2], and so (4) would be incorrect
regardless. Low barrier height devices are possible in prin-
ciple, however the current density would be so large that
the parasitic Rs would prevent the devices from reaching the
regime where (4) becomes inaccurate.

C. THERMIONIC-FIELD EMISSION
The thermionic-field emission case is by far the most com-
plex of the three. The general idea is to treat this case
similarly to the field emission case; the shape of the inte-
grand will be approximated as Gaussian, and then using the
peak value and the standard deviation, the integral can be
determined. We can see from Fig. 4 b. that this assumption
works well when thermionic-field emission is dominant. The
difficulty compared to the previous case, however, is that
the value of the mean is unknown and will be a function of
temperature and of field.
To determine the mean energy of the Gaussian, we first

need to apply the Maxwell-Boltzmann approximation, as was
done in the thermionic emission case. Then, we can solve
for when the derivative of the integrand of (18) is equal
to zero. Doing so yields two solutions; one representing
the maximum of the approximate Gaussian, and the other
representing a minimum located just below the top of the
barrier. The solution of interest (the maximum) is:

EP = Ef + qφB − q	φB − γ (20)

where

γ = −1

2
q	φB + β

α
+

√
β

α

√
β − q	φBα (21)

and α and β are defined in Table 1. Equation (20) will
have a complex value if the electric field is too small. The
minimum electric field which will give a real value is:

ξ =
(

α

2
√
qπεsh2

)2/3

(22)

To prevent complex values, γ in (8) is defined by two
cases, based on whether the electric field is less than or
greater than the value given by (22). The associated max-
imum energy for which (20) and (21) give a real valued
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solution [i.e., when the electric field equals (22)] is given
by (9).
We can use (20) now to evaluate the current as we did

for the field emission case. The equations for this are given
in (5) and (6), where the standard deviation has been taken
to be X2kT . As with the field emission case, this parame-
ter is a weighted average standard deviation, and improved
model performance may be achieved using a more complex
expression for the standard deviation.
Doing this with (20) works well when EP is intermediate

between the top of the barrier and the Fermi level. However,
there are issues with the boundaries. One if the obvious dis-
continuity at EP = EM [when (21) becomes complex], and
the other is as EP approaches the Fermi level. Here, the
assumptions which were used to derive (21) break down,
and if left unchecked the predicted current will become
unreasonable.
To prevent this, we defined upper and lower bounds to

EP [see (7)]. If EP reaches one of the bounds, rather than
continue to increase or decrease, it instead becomes a fixed
value. This allows (5) to have a real value at small fields,
and prevents blow up at large fields. The value of the current
will still change due to the change in field [see (5)], but at
a much slower rate. This allows for a smooth transition from
thermionic-field emission to thermionic emission as the field
is decreased, and to field emission as the field is increased.
It also ensures continuity at the boundaries.
Since better performance may be able to be achieved if the

boundaries are moved away from EM and Ef , two additional
numerical factors are introduced in (7). These are multiples
of kT, as with the other parameters, since the distance away
from the boundaries will depend on the standard deviation
of the Gaussian, which itself is a function of kT.
The equations for both thermionic-field and field emis-

sion will be erroneous for small biases. This is because
the use of a WKB approximation and, in particular, the
trapezoidal shape we have employed, will become inaccu-
rate in this regime [2]. The largest consequence of this is
that the predicted current from (4) and (5) will not have
a corresponding term from the forward bias to balance them,
leading to nonzero current at V = 0. We have dealt with this
issue by simply turning these components off in forward
bias [see (2)]. We anticipate that the magnitude of the cur-
rent discontinuity caused by this would be negligible. An
alternative approach would be to add in a term to the for-
ward bias current to cancel these components—note however
that such a term would be purely mathematical and would
not reflect the actual magnitude of semiconductor-to-metal
electron tunneling (which would be significantly smaller).

V. CAPACITANCE
The capacitance of a Schottky barrier diode is caused by
the depletion region, and so it depends on the exact device
structure. For the device structure described in Fig. 1, the
capacitance can be treated as a single parallel-plate capacitor
with a plate separation equal to the depletion-layer width

FIGURE 5. Measured built-in potential (a) and series resistances (b) of
both the 650 V and 1200 V diodes as a function of temperature.

TABLE 3. Diode doping profiles.

[see (12)]. Note that the area of the capacitor may not be
equal to the area of the Schottky contact. This is because
the depletion region extends underneath the edge termination.
The increase in capacitor area will depend on the type of
edge termination used. The temperature dependence of the
capacitance is entirely due to the built-in potential which, as
stated previously, needs to be characterized for the device
in question.

VI. COMPARISON WITH EXPERIMENTAL DATA
To test the compact model, we have applied it to experimen-
tal current measurements of two diodes. The diodes were
fabricated using 100-mm (0001) oriented 4H-SiC wafers,
with commercially grown n-type epitaxial layers on the Si
faces. The doping profiles, as measured by the high reverse
bias capacitance-voltage characteristic, are shown in Table 3.
These represent designs for blocking voltages of 650 V and
1200 V. P-type edge termination rings were prepared, fol-
lowed by sputtering deposition and annealing of nickel on
the back of the wafer to form a nickel silicide Ohmic con-
tact. After annealing, silver was deposited onto the nickel
silicide. Titanium and aluminum were sputtered to form the
anode. Finally, the anode was passivated using a standard
polyimide passivation. The devices are the same as the ones
used in [2]. The measured temperature dependencies of Vbi
and Rs, which are necessary for the model, are shown in
Fig. 5 for both devices. The anode contact areas (A) were
2.64 mm2 and 4.08 mm2 for the 650-V and 1200-V rated
diodes, respectively.
The eight fitted model parameters for each diode are

listed in Table 4. These parameters were evaluated by fit-
ting the model to the forward and reverse current-voltage
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TABLE 4. Extracted parameter values.

characteristics. The forward bias characteristic was used to
determine �B,0, m*, and θ . The actual fitting is described
in our previous paper, so we simply used the values of these
parameters from [2].
The remaining five parameters were evaluated by applying

differential evolution to the reverse bias characteristics. One
hundred candidate solutions were used and, for each can-
didate, the current was evaluated using the compact model
equations in Table 1. This was done for every measured
data point, except for the room temperature (30◦C) and any
data points where the voltage exceeded the device rating.
The low temperature points were excluded because their
conduction is dominated by defects [2], and so they will not
necessarily match the model and had the potential to worsen
the fitting. The high voltage points were excluded in order
to avoid increased currents due to impact ionisation.
The error at each measured data point was calculated by

comparing the logarithms of the measured and modelled
currents. The total error for any candidate solution was then
calculated as the root mean square of the errors at each
data point. The candidates were allowed to evolve, using
a standard differential evolution algorithm, for 1000 itera-
tions. The amplification factor and crossover rate were both
set to 0.3. Convergence was achieved before the maximum
iterations were reached in both cases.
A comparison of the measured and modelled currents for

both forward and reverse bias are presented in Fig. 6 for the
650 V diode, and Fig. 7 for the 1200 V diode. In both cases,
there is excellent agreement between the measured and mod-
elled data, in both linear and logarithmic scales. To provide
a quantitate measure of their performance, we have calcu-
lated the root-mean-squared error in the log-linear reverse
IV’s, excluding the room temperature data (and data below
1 nA, since it contains noise which dominates the error
score). Therefore, this error score represents the average
number of decades of error in the current. The obtained val-
ues for this error score were 0.13 and 0.098 for the 650-V and
1200-V diodes, respectively. Both of these values are very
small, indicating good performance. For comparison, we cal-
culated the error scores when using (18) and the parameters
given in [2]. These were 0.065 and 0.054 for the 650-V and

FIGURE 6. Forward (a) and reverse (b) current-voltage characteristics for
the 650-V rated diode. Data is plotted at 30, 90, 150, and 210◦C. The red
symbols are the measured data, while the black lines are from the
compact model, using the parameters outlined in Table 4. The insets show
the same plots on log-linear scales.

1200-V diodes, respectively. Our compact model has roughly
doubled the average number of decades of error, but this is
still within acceptable limits, particularly when compared to
other compact models (see for instance Fig. 2). Furthermore,
this error is mostly concentrated at low currents, and so the
performance on a linear scale, which is more relevant for
simulation purposes, will be even better. This is particu-
larly relevant for power electronics circuits (circuits where
the designers would use a diode of such high voltage and
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FIGURE 7. Forward (a) and reverse (b) current-voltage characteristics for
the 1200-V rated diode. Data is plotted at 30, 90, 150, and 210◦C. The red
symbols are the measured data, while the black lines are from the
compact model, using the parameters outlined in Table 4. The insets show
the same plots on log-linear scales.

temperature rating), in which the high voltage region is of
more importance.

VII. CONCLUSION
In this work, we have developed a compact model for the
fundamental current mechanisms in SiC Schottky diodes—
thermal emission and tunneling. We have verified the
model by demonstrating good agreements with experimen-
tal data obtained for 650-V and 1200-V rated diodes at

temperatures up to 210◦C. The methodology for transform-
ing a tunneling equation into a compact model, which we
have presented in the paper, can be adopted for other device
structures.

ACKNOWLEDGEMENT
This work was performed at the Queensland
Microtechnology Facility (Griffith University), part of
the Queensland node of the Australian National Fabrication
Facility (ANFF), a company established under the National
Collaboration Research Infrastructure Strategy to provide
nanofabrication and microfabrication facilities to Australia’s
researchers.

REFERENCES
[1] G. Liu, B. R. Tuttle, and S. Dhar, “Silicon carbide: A unique platform

for metal-oxide-semiconductor physics,” Appl. Phys. Rev., vol. 2, no. 2,
pp. 1–21, Jun. 2015, doi: 10.1063/1.4922748.

[2] J. Nicholls, S. Dimitrijev, P. Tanner, and J. Han, “Description and
verification of the fundamental current mechanisms in silicon carbide
Schottky barrier diodes,” Sci. Rep., vol. 9, p. 3754, Mar. 2019, doi:
10.1038/s41598-019-40287-1.

[3] H. Okino, N. Kameshiro, K. Konishi, A. Shima, and R.-I. Yamada,
“Analysis of high reverse currents of 4H-SiC Schottky-barrier diodes,”
J. Appl. Phys., vol. 122, no. 23, Dec. 2017, Art. no. 235704, doi:
10.1063/1.5009344.

[4] C. Blasciuc-Dimitriu, A. B. Horsfall, N. G. Wright, C. M. Johnson,
K. V. Vassilevski, and A. G. O’Neill, “Quantum modelling of
the I − V characteristics for 4H-SiC Schottky barrier diodes,”
Semicond. Sci. Technol., vol. 20, no. 1, pp. 10–15, Jan. 2005, doi:
10.1088/0268-1242/20/1/002.

[5] A. Latreche and Z. Ouennoughi, “Modified Airy function method
modelling of tunnelling current for Schottky barrier diodes on silicon
carbide,” Semicond. Sci. Technol., vol. 28, no. 10, Oct. 2013, Art.
no. 105003, doi: 10.1088/0268-1242/28/10/105003.

[6] M. Furno, F. Bonani, and G. Ghione, “Transfer matrix method
modelling of inhomogeneous Schottky barrier diodes on silicon car-
bide,” Solid-State Electron., vol. 51, no. 3, pp. 466–474, Mar. 2007,
doi: 10.1016/j.sse.2007.01.028.

[7] A. Latreche, “Validity of the Padovani–Stratton formulas for analysis
of reverse current–voltage characteristics of 4H–SiC Schottky bar-
rier diodes,” Semicond. Sci. Technol., vol. 34, no. 5, May 2019, Art.
no. 055021, doi: 10.1088/1361-6641/ab1191.

[8] A. Latreche, “Conduction mechanisms of the reverse leakage current
of 4H-SiC Schottky barrier diodes,” Semicond. Sci. Technol., vol. 34,
no. 2, Feb. 2019, Art. no. 025016, doi: 10.1088/1361-6641/aaf8cb.

[9] J. Crofton and S. Sriram, “Reverse leakage current calculations for
SiC Schottky contacts,” IEEE Trans. Electron Devices, vol. 43, no. 12,
pp. 2305–2307, Dec. 1996, doi: 10.1109/16.544427.

[10] R. T. Tung, “Electron transport at metal-semiconductor interfaces:
General theory,” Phys. Rev. B, Condens. Matter, vol. 45, no. 23,
pp. 13509–13523, Jun. 1992, doi: 10.1103/PhysRevB.45.13509.

[11] H. A. Moghadam, S. Dimitrijev, and J. S. Han, “Impact of interface
traps on current–voltage characteristics of 4H–SiC Schottky-barrier
diodes,” Mater. Sci. Forum, vol. 778–780, pp. 710–713, Feb. 2014,
doi: 10.4028/www.scientific.net/MSF.778-780.710.

[12] D. J. Ewing et al., “Inhomogeneities in Ni/4H-SiC Schottky barri-
ers: Localized fermi-level pinning by defect states,” J. Appl. Phys.,
vol. 101, no. 11, Jun. 2007, Art. no. 114514, doi: 10.1063/1.2745436.

[13] P. A. Ivanov, N. D. Il’inskaya, A. S. Potapov, T. P. Samsonova,
A. V. Afanas’ev, and V. A. Il’in, “Effect of rapid thermal anneal-
ing on the current-voltage characteristics of 4H-SiC Schottky
diodes,” Semiconductors, vol. 47, no. 1, pp. 81–84, Jan. 2013, doi:
10.1134/S1063782613010132.

[14] B. J. Skromme et al., “Electrical characteristics of schottky bar-
riers on 4H-SiC: The effects of barrier height nonuniformity,”
J. Electron. Mater., vol. 29, no. 3, pp. 376–383, Mar. 2000, doi:
10.1007/s11664-000-0081-9.

552 VOLUME 8, 2020

http://dx.doi.org/10.1063/1.4922748
http://dx.doi.org/10.1038/s41598-019-40287-1
http://dx.doi.org/10.1063/1.5009344
http://dx.doi.org/10.1088/0268-1242/20/1/002
http://dx.doi.org/10.1088/0268-1242/28/10/105003
http://dx.doi.org/10.1016/j.sse.2007.01.028
http://dx.doi.org/10.1088/1361-6641/ab1191
http://dx.doi.org/10.1088/1361-6641/aaf8cb
http://dx.doi.org/10.1109/16.544427
http://dx.doi.org/10.1103/PhysRevB.45.13509
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.710
http://dx.doi.org/10.1063/1.2745436
http://dx.doi.org/10.1134/S1063782613010132
http://dx.doi.org/10.1007/s11664-000-0081-9


NICHOLLS AND DIMITRIJEV: COMPACT MODEL FOR SiC SCHOTTKY BARRIER DIODES

[15] D. J. Ewing, Q. Wahab, R. R. Ciechonski, M. Syväjärvi, R. Yakimova,
and L. M. Porter, “Inhomogeneous electrical characteristics in 4H-
SiC Schottky diodes,” Semicond. Sci. Technol., vol. 22, no. 12,
pp. 1287–1291, Dec. 2007, doi: 10.1088/0268-1242/22/12/008.

[16] S. Chand and J. Kumar, “Effects of barrier height distribution on
the behavior of a Schottky diode,” J. Appl. Phys., vol. 82, no. 10,
pp. 5005–5010, Nov. 1997, doi: 10.1063/1.366370.

[17] G. Brezeanu, G. Pristavu, F. Draghici, M. Badila, and R. Pascu,
“Characterization technique for inhomogeneous 4H-SiC Schottky con-
tacts: A practical model for high temperature behavior,” J. Appl. Phys.,
vol. 122, no. 8, Aug. 2017, Art. no. 084501, doi: 10.1063/1.4999296.

[18] F. Roccaforte, F. L. Via, V. Raineri, R. Pierobon, and E. Zanoni,
“Richardson’s constant in inhomogeneous silicon carbide Schottky
contacts,” J. Appl. Phys., vol. 93, no. 11, pp. 9137–9144, Jun. 2003,
doi: 10.1063/1.1573750.

[19] S. U. Omar, T. S. Sudarshan, T. A. Rana, H. Song, and
M. V. S. Chandrashekhar, “Interface trap-induced nonideality
in as-deposited Ni/4H-SiC Schottky barrier diode,” IEEE Trans.
Electron Devices, vol. 62, no. 2, pp. 615–621, Feb. 2015, doi:
10.1109/TED.2014.2383386.

[20] J. R. Nicholls, S. Dimitrijev, P. Tanner, and J. Han, “The role of
near-interface traps in modulating the barrier height of SiC Schottky
diodes,” IEEE Trans. Electron Devices, vol. 66, no. 4, pp. 1675–1680,
Apr. 2019, doi: 10.1109/TED.2019.2896216.

[21] H. Yuan et al., “Hysteresis effect in current–voltage characteristics of
Ni/n-type 4H-SiC Schottky structure,” Chin. Phys. B, vol. 28, no. 11,
Oct. 2019, Art. no. 117303, doi: 10.1088/1674-1056/ab470f.

[22] F. A. Padovani and R. Stratton, “Field and thermionic-field emission
in Schottky barriers,” Solid-State Electron., vol. 9, no. 7, pp. 695–707,
Jul. 1966, doi: 10.1016/0038-1101(66)90097-9.

[23] B. Hoeneisen and C. A. Mead, “Power Schottky diode design and
comparison with the junction diode,” Solid-State Electron., vol. 14,
no. 12, pp. 1225–1236,Dec. 1971, doi: 10.1016/0038-1101(71)90111-0.

[24] E. L. Murphy and R. H. Good, Jr., “Thermionic emission, field
emission, and the transition region,” Phys. Rev., vol. 102, no. 6,
pp. 1464–1473, Jun. 1956, doi: 10.1103/PhysRev.102.1464.

JORDAN R. NICHOLLS received the B.Eng.
degree (Hons.) majoring in microelectronic
engineering from Griffith University, Brisbane,
Australia, in 2017, where he is currently pursu-
ing the Ph.D. degree with the Queensland Micro-
and Nanotechnology Centre.

His current research interests include the
physics, modeling and characterization of metal–
SiC and metal–oxide–SiC structures, and the
engineering of silicon carbide power devices.

SIMA DIMITRIJEV (Senior Member,
IEEE) received the B.Eng., M.Sc., and
Ph.D. degrees in electronic engineering from
the University of Nis, Nis, Yugoslavia, in 1982,
1985, and 1989, respectively.

He is currently a Professor with the Griffith
School of Engineering and the Deputy Director
of Queensland Micro- and Nanotechnology
Centre, Griffith University, Brisbane, Australia.
He has authored Principles of Semiconductor
Devices (2nd ed. New York: Oxford University
Press, 2011).

VOLUME 8, 2020 553

http://dx.doi.org/10.1088/0268-1242/22/12/008
http://dx.doi.org/10.1063/1.366370
http://dx.doi.org/10.1063/1.4999296
http://dx.doi.org/10.1063/1.1573750
http://dx.doi.org/10.1109/TED.2014.2383386
http://dx.doi.org/10.1109/TED.2019.2896216
http://dx.doi.org/10.1088/1674-1056/ab470f
http://dx.doi.org/10.1016/0038-1101(66)90097-9
http://dx.doi.org/10.1016/0038-1101(71)90111-0
http://dx.doi.org/10.1103/PhysRev.102.1464


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


