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Abstract—Transistor models have been playing a key
role in designing efficient power converters. As the op-
erating frequency of the converters becomes higher, tran-
sistor models need to represent physical device behavior
accurately and compactly. In this paper, we propose a
charge-based transistor model that considers gradual tran-
sition between linear and saturation regions, and parasitic
resistances of vertical diffused SiC power MOSFET. Tran-
sient simulation using the proposed model, as well as I-V
and C-V characteristics, matched well with the experimen-
tal results using a commercial device.

1. Introduction

Silicon Carbide (SiC) is considered as one of the most
promising materials for realizing power converters that op-
erate with high power density and at a high frequency.
Accurate circuit simulation is crucial to optimally design
power converters. The simulation accuracy greatly depends
on the accuracy of the SiC power device model.

Fitting-based equations have been widely used as the
SiC power MOSFET model [1]. These models are recog-
nized to efficiently simulate the electrical behavior of the
SiC power MOSFET. However, in such models, predic-
tion of the physical phenomena, such as process variation
and reliability of SiC, is difficult because the mathematical
model does not contain physically meaningful parameters
that actually varies in real devices. Also, the characteristics
outside the fitting region may not be sufficiently accurate.

Recently, inversion charge-based transistor models have
been successfully applied for designing silicon-based inte-
grated circuits. The charge-based models can accurately
reproduce behavior of silicon devices computationally ef-
ficiently [2, 3]. However, charge-based model has not yet
been applied to the models of SiC vertically double dif-
fused MOSFETs (VDMOSFETs). Model equations have
to be modified to represent I-V characteristics. In particu-
lar, parasitic resistances associated with the vertical current
flow in the vertical double diffused structure have to be ac-
curately modeled.

In this paper, we propose an accurate SiC power MOS-
FET model based on the channel charge. The proposed
model takes into account the bias dependence of the para-
sitic resistances of the VDMOSFET. The capacitance char-
acteristics are represented by the analytic expressions pro-
posed in [4]. The I-V, C-V, and transient characteristics

of the proposed model have been validated through experi-
ments using a commercial SiC device.

2. Charge-Based Model

The charge-based model is a compact device model that
is widely used for simulating silicon-based MOSFETs.
On the basis of single equation, the charge-based model
can accurately and consistently predict the circuit perfor-
mance [2, 3]. No concatenation of separate equations is
required to represent full operational range of the device.
This is one of the advantages over the conventional mod-
els, such as [5]. Another advantage of the charge-based
model is its efficiency. The drain current is accurately ob-
tained through an analytic expression that represents inver-
sion charge density at the source and drain electrodes.

We adopt EKV model [2] as the basis of our proposed
model. The drain current Ipg is represented as [6]:
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Here, Vp and Vg are drain and source voltages, respec-
tively. B8 = ,uCOXV—LV is the transmission coefficient, being
L the channel length, W the channel width, u the carrier
mobility, and Cpx the oxide capacitance per unit area. Al-
though Eq. (1) is an accurate expression of the physical
current flow, it involves numerical integration of the inver-
sion charge ;. Its computational cost is in general too high
for use as the compact device model. In the EKV model,
the inversion charges at the drain and source ends of the
channels are approximated to facilitate analytic calculation.
With this approximation, the drain current is obtained with
a small calculation time.

The EKV model considers the inversion charge Q; in
both strong and weak inversion regions. When the body
effect is sufficiently small, by solving the Poisson’s equa-
tion at the surface of the channel, the inversion charge is
written as
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Here, Vp is the pinch-off voltage, V., is the electric po-
tential in the channel, and Uy is the thermal voltage.
In addition, n = 1 + y/2V¥Yo+ V) and Ky, = (n —
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Figure 1: Drain current according to Eq. (4).

D exp {(¥o — 2®r)/(Ur)}. 7y is the substrate bias factor, ¥y
is the channel surface potential at V,, = 0, @ is the Fermi
potential, and Vg is the threshold voltage at the zero bias.
The pinch-off voltage Vp is defined as follows:

Vp = VG—VTO—Y[ \/VG = V1o + (%/ + \/‘{'_0)2—(%4' \/‘?0)]
(3)

Figure 1 illustrates the surface potential as a function of
Ven at a constant gate voltage V. Vi, varies from zero to
Vp, and the surface potential also changes according to V.

The current that flows from the source to the drain (for-
ward current /) is obtained by integrating Q;/Cox from Vg
to infinity. Similarly, by integrating from Vp, to infinity, the
current from the drain to the source (reverse current Ig) is
obtained. Because the drain current Ipg is the difference
between I and Iy, Ips can be expressed as follows:
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In order to calculate Ips by Eq. (4), Ir, Ir, and the transition
between Ir and Ir need to be modeled. Ir and Iz can be
derived from Eq. (2). In the EKV model, the smoothing
function is introduced to fit the transition.

3. Charge-Based SIC Power MOSFET Model

3.1. Overview of the Proposed Device Model

In this section, the proposed charge-based SiC power
MOSFET model is explained. Figure 2 shows the structure
of the proposed model. The drain current Ipg is expressed
based on the charge-base model described in Sec. 2.

The proposed model assumes the VDMOSFET structure
shown in Fig. 3. The VDMOSFET has the parasitic resis-
tances on its current path, total of which is on-resistance
Ron. The value of each resistance is voltage dependent.
Hence, all voltage dependencies of the on-resistances has
to be correctly modeled in order to accurately simulate the
current characteristic of the SiC power MOSFET.

The parasitic capacitances, Cgs, Cps, and Cgp, are also
modeled considering the dependencies to the drain-source
voltage Vps and the gate-source voltage Vis. In the pro-
posed model, the capacitance model proposed in [4] is
used.
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Figure 2: Structure of the proposed model.
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Figure 3: Cross section of the VDMOSFET with parasitic resis-
tances.

3.2. Drain Current Model

In order to apply the charge-based model to SiC VD-
MOSFETs, the following changes have been made.

e Mobility degradation due to interface traps at the
SiC/SiO, [7] has been considered.

e Bias-dependent on-resistances of VDMOSFET [8, 9]
have been considered.

According to the measurement results of the drain cur-
rent of SiC power MOSFETS, the transition between lin-
ear and saturation regions occurs more gradually than sili-
con transistors. The smooth transition is considered to be
caused by high density of interface states in the inversion
channel [7]. When body effect coefficient is sufficiently
small, Eq. (3) can be rewritten as Vp = Vgs— V9. However,
this equation is insufficient to express the gradual transi-
tion. Through the observations on the measured I-V char-
acteristics, we found that the gradual transition can be mod-
eled by modifying the pinch off voltage as:

Vp = Nos(Vas — Vo)™ + Nps[(Vas — Vio)*Voslé,  (5)

where Ngs, Nps, @, and ¢ are fitting parameters.

Figure 3 shows the cross section of the VDMOSFET.
The on-resistance Roy for this vertical structure is defined
by considering the following resistances: source terminal
resistance Ryource, drain terminal resistance Rgp,in, Substrate
resistance Ry, accumulation resistance R,.., channel re-
sistance Rcy, JFET resistance Rjpgr, constant drift region
resistance Rgrift—cons, and variable drift region resistance
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Rdrift—var~ Here, Rsourcea Rdrain» Rdrift—cons’ and Rsub are con-
stant resistances determined by the geometry of the VD-
MOSFET.

Ry is the variable resistance. According to [8], due to
the charge density of accumulation layer, R,.. becomes Vg
dependent

1
Racc = . 6)
dcc ¥ uCox(Vas — Vo)
Rjget is also the variable resistance formed at the JFET re-
gion. Rypgr limits the drain current path by the width of the
depletion layer that depends on Vps. Rjpgr can be written
as

pl
LpW’
Lp is the distance between depletion layers, and it is de-
fined as Lp = Lp — 2x. Here, Lp is the distance between
adjacent p regions. W is the channel width, / is the verti-
cal depth of the JFET region, and p is the receptivity of the
JFET region. Lp W expresses the cross-sectional area of the
JFET region. The width of the depletion layer x is given as

ZSSiCNA+ND
= — (Vii + VDs),
x \/ 7 NaMp (Vi + Vps)

(N
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where Vy; is the built-in voltage, esic is the permittivity of
SiC, g is the elementary charge, and Np and N, are the den-
sities of donors and acceptors, respectively. By applying
Vps, Lp changes. Combining the above equations, Rjpgr
becomes:

oh ph
W Ly - [ R (Vi 4 Vi) | W
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Ryper =

q NalNp

In the model of Rasifi—vary, H1 and H are defined as the
depths from the substrate-surface of the device.

As shown in Fig. 3, by supposing s as the cross-sectional
area of the Raifi—vary between Hy and H3, Rarif—vary can be
expressed as follows:

e Ly -2L
Rasift—vary = f gdh, s = W(LD + TTZDZ) . (10
H,

where L is the distance between adjacent source terminals.
Therefore, Eq. (10) can be rewritten as follows:

fH M’ + =Tr—=2b h
iyl L+—21
w 1 (LD H l)

CVps + IOg(VDs) + CyVps + C3. (11)

Here, Cy, C,, and C3 are the coeflicients represented by
using device dimensions and physical parameters.

The on-resistance Ron of the VDMOSFET is considered
as the series connection of all the above parasitic resis-
tances. Thus, by arranging the sum of the parasitic resis-
tances as N1—Ns, Ro, is expressed as follows:

Ny
(Vas = Vo)

N3

Ny — VVps + Vi

Ron = + N Vi + +Ns. (12)

Table 1: Model parameters of current characteristic

Parameter \ Explanation Value
Yy [V] Surface potential when V;, = 0 6.22
Vo [V] Threshold voltage at zero bias 5.31

Ngs Coefficient of Vp on Vgg 1.81x107!
a Multiplier of Vp on Vg 1.60
Nbps Coeflicient of Vp on Vpg 7.52x107*
4 Multiplier of Vp on Vg 1.13
UCox Transconductance 3.61x107°
W =3
N o 8.79%10
N, Coefficient of Rysifi—vary 1.50%x1072
NN
NN,
N, C 7t 4127
Ns[Q] Fixed resistance 2.09x107!

Table 2: Model parameters of capacitance characteristic

Parameter [ Explanation Value
Vi [V1 Built-in voltage 2.01
Vi [V] Threshold drain voltage 5.52x107!
Cas(0) [F] Cgs at zero bias 5.38x10710
Cps(0) [F] Cps at zero bias 3.07x10710
Csp(0) [F] Cqp at zero bias 2.23%10710
Coxa [F/Vs] | Gate-drain oxide capacitance | 4.11x 1073
25 ;
Simulation —
201 Measurement o
Vgs = 6~18 [V] oo

Vs [V]

Figure 4: Ips-Vps characteristics.

4. Experimental Results

The proposed device model is validated using a commer-
cial SiC power MOSFET (1200V, 10A, [10]). I-V and C-V
characteristics of the SiC power MOSFET are measured
by a commercial curve tracer [11]. The proposed device
model is implemented by Verilog-A. I-V, C-V, and tran-
sient characteristics are calculated by a commercial circuit
simulator [12]. Model parameters are determined by a sim-
ulated annealing method [13]. The Model parameters used
in the proposed model for I-V and C-V characteristics are
summarized in Table 1 and 2, respectively.

4.1. I-V and C-V Characteristics

The measured and simulated current and capacitance
characteristics are compared in Figs. 4 and 5. In Fig. 4,
Vs is varied from 6 V to 18 V with a 2V step. In Fig. 5,
capacitance values are measured from Vpg = 0V to Vpg =
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Figure 5: C-Vpg characteristics.
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Figure 6: Circuit schematic of double pulse tester.
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5. Conclusion

In this paper, we proposed a charge-based model for SiC
power devices considering the structure of the VDMOS-
FET. The proposed model also takes into account the grad-
ual transition between linear and saturation regions due to
interface traps. Experimental results using a commercial
SiC power MOSFET show that the proposed simulation
model accurately reproduces I-V, C-V, and transient char-
acteristics.
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