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Abstract—SPICE models of silicon carbide power MOSFETs
provided by manufacturers currently present on the market have
been compared. Model subcircuit topologies have been identified
and described. Principal equations have been extracted and
related to common MOSFET models.
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I.  INTRODUCTION

In the recent years, silicon carbide (SiC) power MOSFETs
have been introduced to the market. They have the advantages
of much lower on-resistance (than silicon MOSFETs), faster
switching speed (than IGBTs) and higher maximum operating
temperature. They are able to improve the properties of power
converters, but an optimal design requires reliable and precise
electro-thermal models.

There are different approaches and mathematical models to
reproduce electrical and thermal behaviour of MOSFETS. In this
respect, models of four different transistors supplied by all the
commercial device manufacturers currently present on the
market were investigated: SCT20N120 from
STMicroelectronics  (further referred to as ST model),
C2M0160120D and C3M0065090D from Cree (C2M and C3M
model, respectively) and SCT2160KE by ROHM (ROHM
model).

In Section II, the identified components and connections
within model subcircuit topology will be briefly described.
Mathematical relationships realised by behavioural components
and extracted from SPICE model codes will be analysed in
Section III. Sections IV and V will cover the parts of the models
responsible for dynamic and thermal behaviour, respectively.
Finally, conclusions will be formulated in Section VL.

II.  MODEL STRUCTURES

Model structures were determined by building circuit
schematics that correspond to component and connection
descriptions given in model source SPICE codes. The general
approach common for all the analysed models is to describe
device behaviour with analogue behavioural modelling (ABM)
components: controlled current and voltage sources with
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arbitrary equations. Fig. 1 presents obtained model structure.
ABM sources are displayed without equations.

It can be seen that the ST model (Fig. 1 a) has the most
complex topology. Also, code description of this model is
organised linearly in one single block. Similar code structure is
used in the ROHM model, but it contains less components (see
Fig. 1 d). To the contrary, models proposed by Cree (Figs. 1 b
and c¢) have hierarchic code structure: the die block is
represented by a subcircuit and so are parasitic capacitances.
Despite its simple schematic topology, the C3M model code is
relatively complicated due to fitting functions used and the high
number of their parameters (55).

III.  STATIC BEHAVIOUR MODELLING

A. Forward Characteristic

As described in [5], the ST model is based on the well-known
LEVEL1 MOS model which describes the behaviour of the
surface of the semiconductor under the influence of an electronic
field. The difference between the ST model and the standard
LEVEL1 [6] consists in the presence of two additional
temperature-dependent coefficients V};, and KPg,; that adjust
forward and reverse drain-source currents according to
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where Vg and Vp are gate and drain voltages, V;, is threshold
voltage, T; is junction temperature, 4 is area and A is channel
length modulation parameter.

While the ST model uses a single voltage-controlled current
source (VCCS) component, marked in Fig. 1 a as Gmos, the
C2M model uses two VCCS (G and G2 in Fig. 1 b) realising
two logarithmic functions to interpolate between two regions of
operation in order to obtain a single-piece modified Enz-
Krummenacher-Vittoz (EKV) MOSFET model [7]. The original
EKV model has been improved by adding curve fitting
parameters to match SiC specificity and to include the effect of
channel length modulation [8], yielding
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Fig. 1. Simplified electrical schematics (dependent source inputs and some ground connections omitted) for (a) ST, (b) C2M, (¢) C3M and (d) ROHM models
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where ¢, is thermal voltage, g,, is transconductance; k is sub-
threshold slope parameter, k is law exponent and a and n are
triode region parameters.

Transconductance and threshold voltage in the C2M model
are implemented respectively by the E2 g and E3 g voltage
sources (Fig. 1 b) which implement the temperature
dependences of these parameters. Also, in series with the drain-
source current components, there is the GI_d VCCS that models
a temperature-dependent resistance described with:

Vp2D1
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where Ip,pq and Vp,p; are current and voltage across the
resistance, A;, A, and A5 are constant parameters.

The Curtice-Ettenberg FET model [9] with additions and
modifications has been used by Cree to describe its third
generation devices (C3M). The channel current equation of the
C3M model is implemented by G/ in Fig. 1 ¢ and it includes
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where Vs and V¢ are the internal gate and drain voltages, y is

slope adjustment parameter, kqp(T;), kqe(Tj), kqp(T;) are

temperature-dependent coefficients and k a, b, ¢, d are

temperature-independent coefficients.

Q)

ag»

The differences between (4) and the original Curtice model
mostly concern the gate-related part: (4) doesn’t use quadratic or
cubic polynomial interpolation and it includes temperature
dependence. Moreover, the y parameter in the C3M model is
dependent on V5 and on temperature.

The approach used in the ROHM model is similar to Curtice
and EKV models in that the drain current is modelled by a single
VCCS, G1 (Fig. 1 d), and that its formula contains a Vs and a
Vps-related component, which can be presented as:

Ips = fg (Vcs) 'fd(VDS) %)
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where f;(Vgs) and f3(Vps) describe gate and drain voltage
effect relationships given by:
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where By, B,,c;, ¢y are constant parameters, and V/g is an
implicit function of Vs and T;:
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with Vg = f(Vgs, Vgs, Tj) and Gy, g, g1, g2, g3 are constants.

In the ROHM model, the on-state resistance is modelled with
a current-controlled voltage source (CCVS, EI in Fig. 1 d)
connected in series with the drain-source current VCCS. This
resistance influences both forward and reverse characteristics
and its equation is
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where Vp, and I, are drain voltage and current, Dy, D,, d, d,,
d5 and k are constant parameters, and T, is nominal temperature.

All the four models include thermal relationships. However,
it can be noted that their mathematical form is much different in
each case.

B. Reverse Bias

For all the analysed models, the common feature in
describing device behaviour under reverse bias is the use of
components that represent the body diode, which follows
directly from the power MOSFET semiconductor structure.
Together with this common part, reverse static characteristic
calculation for ST and C2M models also includes the drain-
source current equation (1) and (2), respectively. To the
contrary, drain-source current equations (4) and (5) of C3M and
ROHM models describe only their forward behaviour.

The body diode ST model consists of two VCCS, G_R_didd
and G_diode (Fig. 1 a), that represent diode resistance and diode
current behaviour, the latter expressed with:

_154__Vdiode

laioge =€ 72T — B (10)

where 13,40 and Vy;. 4 are current and voltage across the diode,
a,, a, and B are constant parameters.

The C2M model structure (Fig. 1 b) contains an internal
body diode model in the form of a standard SPICE diode
component connected in parallel to the series connection of the
drain-source current VCCS (G and G2) and the drain resistance
Gl d.

In the case of the C3M model, the reverse behaviour is
achieved using two VCCS, G2 and G3 (see Fig. 1 ¢), connected
in series. They represent a gate voltage-dependent resistance and
a diode-like component, described with
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where Vg is gate-source voltage, Vpp, is voltage across the
resistance component and a, b, ¢ are temperature-dependent
coefficients; and

f, T )
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where Vgpq is reverse drain-source voltage and fip,, (Viys, T)
and fiia, (Vg15, Tj) are functions of gate-source voltage including
temperature dependences. The function fj,,,, (x) is given by:

frypx) = XTI (13)

In the ROHM model, the body diode is also modelled with
two components representing diode resistance and diode current
behaviour. However, in this case, they are a CCVS and a VCCS
(E11and GI11inFig. 1 d), respectively. The latter is defined with
a complex formula that will be referenced again in Section IV:
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where V040 and 15,4 are voltage and current across the body
diode, respectively; A; through 43, B; through B3, a;, b; through
b4 and ¢, through c; are constant parameters.

As it can be seen, the C3M and ROHM models contain many
constant parameters without any clear physical interpretation.
Due to their high number, it is supposed that their extraction can
only be done numerically.

IV. PARASITIC CAPACITANCES

The gate-to-drain and drain-to-source capacitances of a
power MOSFET are voltage-dependent [10]. In the C3M model,
this is achieved using a voltage-controlled voltage source
(VCVS) EI (see Fig. 1 ¢) with a capacitor producing voltage
derivative over time, and a current source realising the capacitor
equation including its voltage dependence:

, dav
leap = C(vcap) : dcfp (15)

where i, and v, are capacitance current and voltage,
respectively.

A similar topology is found in the ST model, but with a
separate VCVS (Ecap and Ecap?2 in Fig. 1 a) realising the C(veqp)
function through a look-up table. Also, the capacitance
realisation found in the ST model includes additional VCVS
(Edev and Edevc in Fig. 1 a) that reproduce junction temperature
(T;) values as well as two VCCS, G _miller and G_cds, that
introduce capacitance currents into the main subcircuit.



The C2M model explicitly implements only the C;p, variable
capacitance using a single ABM current source, G// (Fig. 1 b),
to realise (15) including both voltage derivation and the C(vep)
function. A hyperbolic tangent function is applied to
approximate the latter. The voltage-dependent Cp is included in
the standard SPICE diode model representing the body diode. A
constant capacitor is added in parallel, representing the
capacitance value for high voltages.

In the ROHM model, C;/, is implemented similar to the C3M
model; it contains a VCCS, G2 (Fig. 1 d), however without an
additional VCVS. On the other hand, Cj is included in the body
diode ABM current source, which can be seen in (14) as the
voltage derivative term.

Each of these approaches has different consequences for
compatibility with different SPICE-based simulators. The
voltage-dependent capacitance embedded in the standard diode
component as found in the C2M model, is compatible with any
SPICE version. On the other hand, where (15) is explicitly
implemented through an ABM source formula (ROHM model),
it requires a derivative-over-time function to be available. The
C3M has lower requirements as a standard capacitor is used to
produce this derivative. A look-up table feature is required for
the ST model.

As the gate-to-source parasitic capacitance C;g does not
change with terminal voltages [10], it is represented by a single
standard SPICE capacitor component in all the analysed models.

V. THERMAL PART

Three of the considered models (ST, C2M and ROHM)
include a thermal part together with electro-thermal coupling. It
is a distributed model making use of the mathematical
equivalence between the electrical and thermal domain provided
that a linear heat conduction model is assumed. The equivalent
electrical circuit for the heat conduction path is composed of
several RC couples whose number varies considerably between
models: from 3 in ROHM to 14 in C2M. The electro-thermal
coupling is realised by calculating the dissipated power and
feeding it to the thermal circuit with a current source
representing thermal power; junction temperature, equal to the
voltage across this source, is then fed back to the electrical part
through equations of the ABM components.

Power dissipation is modelled in different ways. In the C2M
model, there is one ABM current source (GH in Fig. 1 b)
summarizing the power produced in the drain-source and one
produced in the gate-source circuits. The ST model has three
sources (G_pwl, G_pw2 and G_pw3 in Fig. 1 a) calculating the
power generated by the drain-source current, the power
dissipated in the body diode current and the power connected
with avalanche breakdown. In the ROHM model, there is one
ABM source (G21 in Fig. 1 d) that uses an arithmetical sum
expression to yield power dissipation in the drain circuit,
including the body diode, as well as in the gate circuit.

Unlike the rest of the revised models, a thermal part is absent
from the C3M model. As such, it does not allow self-heating
effects into account or to design a cooling system.

VI. CONCLUSIONS

From the presented analysis it is clear that each
manufacturer’s approach is similar in that all models have the
form of sub-circuits containing ABM components (with the
exception of the body diode in the C2M model). As such, they
can only be used with SPICE versions offering the analogue
behavioural modelling feature.

However, specific model subcircuit topologies are different
not only for various manufacturers but also for consecutive
technologies from a single manufacturer, such as the second and
the third generation devices from Cree. Moreover, each of the
considered models is based on a substantially different
mathematical description of MOSFET behaviour: Level 1, EKV
or Curtice. The ROHM could not be directly linked to any of the
standard MOSFET models; nevertheless, it can be classified as
similar to EKV and Curtice in some respects.

The purpose of this work was to investigate existing
approaches to the modelling of silicon carbide power MOSFET
transistors. The results of this analysis will be used in future
work devoted to the development of a universal SiC MOSFET
model that will be applicable to various devices present on the
market.
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