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For the design of fast-switching inverters a precise model of power semiconductors is required. Based on pulsed
S-parameter measurements in the frequency range of 2 MHz to 500 MHz a SiC MOSFET and a GaN HEMT have
been characterized. As basis for precise modelling, measurements under varying load conditions have been taken
for many operating points covering the pinch-off, ohmic, and active regions. The employed model to describe the

GaN HEMT . . . ‘. . . P . .

SiC MOSFET transistor uses a circuit comprising 12 circuit elements. Thereby, the elements of the intrinsic transistor vary with
the transistor’s operating point and parameters describing the influence of the package are considered to be
constant. The model parameters have been adjusted iteratively. A comparison of the obtained model with the
original S-parameter measurements exhibits an excellent match.

Introduction in the intrinsic model are omitted due to its low power losses (Jarndal,

Future applications of inverters especially in mobile devices require
a design process allowing for a considerable reduction in weight and
volume compared to current designs. Such constraints demand for
higher switching frequencies of the employed power semiconductors,
mostly wide bandgap devices made of silicon carbide (SiC) or gallium
nitride (GaN). In the course of the design process, circuit simulations
play an important role. Most current device models, however, are suf-
ficiently accurate up to a few MHz only (Endruschat et al., 2018). To
derive better models, a setup for characterizing power semiconductors
under load conditions in a frequency range between 2 MHz and 500 MHz
based on pulsed S-parameter measurements was built and has already
been used to characterize a number of devices (Hergt et al., 2019a,
2019b), (Hergt et al., 2024). In Hergt et al. (2024), a silicon transistor for
power applications was investigated. It has a comparable structure to
conventional RF HEMT, including a package optimized for high
switching frequencies with low lead inductance and stray capacitance.
Therefore, in the pinch-off and ohmic regions the device can be
modelled by means of a simplified equivalent circuit which is well
known from modelling of RF transistors (Jarndal, 2006). Ohmic resistors
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2006). In this work, the RF characteristics of both a SiC Power MOSFET
(type C3M0120090J) (6) and a GaN transistor (type GS66504B) (7) are
investigated.

A common method for characterizing power semiconductors is the
double pulse test (Heckel, 2018). In the course of such a test, a transistor
is operated under hard switching conditions connected to an inductive
load with a free-wheeling diode, and the device under test (DUT) is
characterized by means of time-domain measurements. Especially when
testing transistors under high-current conditions, the switch-off process
may need to be slowed down to avoid inductive voltage spikes caused by
the stray inductance of the leads to the transistor’s package. Conse-
quently, the reduced slope of the signals causes a limitation in band-
width for the applied testing signals. Therefore, the double pulse
measurements are especially suitable for measurements in a frequency
range below several hundred kilohertz.

The setup for pulsed S-parameter measurements under load condi-
tions enables investigations of the DUT in steady-state using measure-
ments in a frequency range above 2 MHz and, hence, complements other
characterization methods.

As the goal of this work is to set up an equivalent circuit allowing for
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Fig. 1. Schematic of test setup for transistor characterization (DUT).

an accurate RF description of the DUT (Kompa, 1995), dynamic effects
like trapping and buffer effects are neglected, as these are relevant in a
frequency range well below 2 MHz only.

Experimental setup

The pulsed S-parameter measurements are performed in a test setup
allowing for an operation under load conditions (Heckel, 2018). Fig. 1
shows a simplified schematic of the test setup. To test the transistor with
a pulsed drain current of up to 300 A, an appropriate coil (Ly) was
selected as load. A capacitor bank (Co4, Cs, C¢) backed by a DC source
serves as voltage source with low inner impedance. A vector network
analyzer (VNA), which performs the S-parameter measurements, is
decoupled from the test setup by means of the two capacitors Cp; and Cpy
to protect it against the operating voltage applied to the transistor. The
gate signal to control the DUT is generated by a commercial pulse
generator. Thereby, the resistor R decouples the RF signal delivered by
the network analyzer from the pulse generator output considered as DC
source during S-parameter measurements. We selected R = 500 Q,
resulting in a rise time of the gate signal of 30 ps and a fall time of 50 ps,
approximately. Due to a short turn-on time and sufficient time between
two consecutive measurements, the slightly increased switching losses
have only a small impact on the measurements. The input and output
connections of the transistor have been matched to 50 Q.

Notation

Even though we use a very similar notation as in our previous work
(Hergt et al., 2024), we repeat the definitions to make the paper more
self-contained. We denote matrices by bold uppercase letters and vectors
by bold lowercase letters. To refer to the S-parameters measured in the
i-th operating point, we write

Si(w) = Szll(m) S::u(’”) ) o)
Sy (@)  Sy(w)
Admittance and impedance parameters directly computed from the

measurements are denoted in the same way as the S-parameters, using Y
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Fig. 2. 10-element model of the small signal behavior of a transistor.
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Fig. 3. SiC transistor S-parameters Vg = 11 V, V4, = 3 V. Measurements red,
model in blue. 10 Parameter model.

and Z, respectively. We may indicate, whether the operating point i is in
the passive region i € .7, the ohmic region i € ¢, or in the active region

i € .«/. The modeled parameters are further marked by a tilde, i.e. gl(w)
signifies the modeled, frequency-dependent S-parameters in the i-th
operating point. A subindex i may indicate that the measured or
modeled S-, Y- or Z-parameters are pertaining to the intrinsic model of
the transistor only, i.e. after de-embedding of the extrinsic parameters.

The parameters of the models are summarized in the vector p. To
refer to the parameters of the intrinsic model, we may write p;, while p,
is used to refer to the parameters of the extrinsic model. The parameters
are often dependent on the operating point. Then, for the parameters of
the i-th operating point, we write p'.

Equivalent circuits of the transistors
10-element model

In the literature, equivalent circuits of different complexity are used
to describe transistors. For modelling RF MOSFETs in the pinch-off- and
ohmic regions, the 10-element model shown in Fig. 2 is commonly used
(Jarndal, 2006). The intrinsic transistor is described by means of its
current source Gp, and the capacitances Cgs, Cgg, and Cys between gate,
drain, and source, respectively. The extrinsic elements Rg, Lg, R, Ls and
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Fig. 5. 12-element model of the small signal behavior of a transistor.

Ry, Lq describe the influence of the package on the signal paths to gate,
source, and drain. In our previous work, we successfully applied the
10-element model to describe a silicon transistor (Hergt et al., 2024). In
a first attempt to identify a suitable model for the SiC and GaN tran-
sistors, the same procedure was applied as in Hergt et al. (2024).
However, while the passive region was successfully modeled, the mea-
surements taken in the ohmic and active regions could not be satisfac-
torily described. Fig. 3 shows the results for an exemplary operating
point of the ohmic region. The model obviously exhibits large deviations
from the measurements.

12-Element model used for identification

While the 10-element model is very commonly used, a more so-
phisticated equivalent circuit with 21 elements shown in Fig. 4 is
sometimes also applied to describe RF transistors. Compared to the 10-
element model, this circuit contains five additional resistors Ry, Rgs, Rgs,
Rgd, Rggr in the intrinsic model and six additional capacitances Cpgj, Cpdi,
Cgdi> Cpgas Cpdas Cgda in the extrinsic model. As the identification pro-
cedure includes non-convex optimization, allowing for additional opti-
mization variables not necessarily yields better results, as the probability
of running into local minima increases. Instead, it is better to use an
equivalent circuit that has as few parameters as possible, but still can
describe all relevant effects.

From the physics of the transistors, we know that the capacitances
Cpgas Cpdas Cgda and the resistors Rgs, Rgd, Rgar have only small influence
on the system dynamics. Thus, we neglect these elements. As we now
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Fig. 6. 6-element model of the small signal behavior of a transistor.

have resistors in the intrinsic model that can represent the losses of the
transistor and are allowed to vary in dependence of the operating point,
we also neglect the resistors Rg, Rg, Rs in the extrinsic model. Otherwise,
if we computed the resistors Rq, R4, Rs based on the measurements in the
pinch-off region as in Hergt et al. (2024), the values for the extrinsic
resistors might be overestimated, as they might be used to also represent
the losses in the intrinsic model. This might then yield negative resistors
in the intrinsic model, when the ohmic and active regions are analyzed.
This problem is avoided by neglecting the extrinsic resistors.

Having neglected the extrinsic resistors, the capacitors Cys and Cpqgi
are parallel. Thus, from a mathematical point of view, Cpq; gives no
additional degrees of freedom and can also be neglected. Later, for the
physical interpretation, the minimum value of all Cys can be interpreted
to be the capacitance that belongs to the package, i.e. the extrinsic
model. Neglecting all these elements from the large 22-element model
yields the model with 12 elements shown in Fig. 5.

Parameter identification
Parameter identification in the pinch-off region

To identify the parameters of the equivalent circuit shown in Fig. 5,
we again start with the measurements in the pinch-off region, as the
current source Gy, can then be neglected. The parameters of the intrinsic
model

and the parameters of the extrinsic model
i iopioqi i 17
pL=[Li L L Cpy Ci 3)

are at this point still dependent on the operating point.

Instead of directly using the 12-element model, we first apply the
very simplified 6-element model shown in Fig. 6, as this allows us to
compute initial values for the extrinsic inductances L}, L}, LL and the

intrinsic capacitances Cly, Ciy, Cy, the same way as in Hergt et al.
(2024), (Jarndal, 2006). After having computed these initial values, the
parameters are optimized for each point in the pinch-off regioni € .2, by
minimizing the mean square error (MSE) considering the S-parameters
measured at N discrete frequencies within the considered frequency

range:

MSE(pi):iiﬁj s N . “@

Then, the five missing parameters are gradually added to the model

§' and the minimization of (4) is reconducted each time. First, the three
resistors Ry, Rgs, Rgq are added and the optimization process is repeated.
Then, the model is completed by the two capacitors Cpg; and Cgq; and the
parameters are again reoptimized. This procedure was chosen, because
it helps in avoiding local minima. As the extrinsic parameters are meant
to be constant for all operating points, the final extrinsic parameters
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Fig. 7. G (red) and Y, (blue) for the SiC transistor at Vgs = 7 V, Vg = 15 V
(left) and at Vg = 7 V, Vg5 = 4 V (right).

were set by taking the median of the extrinsic parameters that were still
dependent on the operating point

P. = [median[LiE“ﬂ, s median[C;';/H = [Lg, La, Ls, Cogi, Cgai].  (5)

Holding p. constant, the optimization procedure was repeated one
last time for the pinch-off region, to compute the final intrinsic param-
eters pl. The results for the pinch-off region were excellent for both the
SiC and the GaN transistors.

Parameter identification in the ohmic and active regions

As the extrinsic parameters are meant to be constant for all operating
points p, and as they were identified using the measurements in the
pinch-off region, we can de-embed their effect from the measurements
taken in the ohmic and active regions. To do so, we first transform the
measured S-parameters to impedance parameters by application of

Z=Z,(1-8) ' (1+5) ©)
with Zg = 50 Q. Then, we subtract the extrinsic inductors

Ls Ld + Ls (7)

i i Ly +L L
gz ]
and transform the resulting Z-parameters Z. to admittance parameters
Y =7 71, from which we de-embed the two extrinsic capacitors

i i Cpgi + Coai  —Cgai
Y=Y | Pe T e i 8

! 1 |: 7ngi ngi ( )
to gain admittance parameters of the intrinsic transistor model Yi. The
intrinsic model shown in Fig. 5 can also be represented by following

. Ll s .
transfer function matrix Y; of the intrinsic admittance parameters

$Cqa SCygs _ $Cga
g $CgaRga + 1 s écgsRi +1 5CgaRgd +S (1: . ©
G & Gas + 5Cas + &d

™ 5CedRga + 1 5CgaRga + 1

Compared to the intrinsic model in Hergt et al. (2024), (9) is far more

complicated. However, the only difference between SN{; 1, and ?z 5 18
still the current source Gin. Thus, as in Hergt et al. (2024), we compute

Y; = Y: 21 Y;,l2 (10)

and use Yfg to identify a model of the current source G., by minimizing
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(left) and at Vg = 3 V, Vgs = 10 V (right).

Table 1
Values of the Extrinsic Parameters.
Lg [nH] Lq [nH] L; [nH] Cpgi [PF1 Cygai [PF] Cpai [PF]
SiC 6.2479 3.4452 2.4665 0.0319 0 0
GaN 1.4452 1.5076 0.2240 0.0001 0.0001 0
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2
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Fig. 9. MSE in pinch-off region for SiC (left) and GaN (right).
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An investigation of Yfg thereby motivated us to use following first
order transfer function for the current source in the ohmic region,
allowing for a frequency-dependent adaptation of G, for each operating
point i by an appropriate adjustment of the parameters a and b
;s+a

G:n = glms +bi’

ico. 12)

Figs. 7 and 8 compare resulting models of the current source G|, with
the respective values Y; in the ohmic and active regions. Fig. 7 shows
exemplary results for the SiC transistor and Fig. 8 for the GaN transistor.
In the active regions, we applied a simple gain element

Gl Gan = 8y €7 (13)

for the GaN transistor, but stayed with (12) for the SiC transistor. With
the current sources identified, we finally compute the intrinsic param-
eters in each operating point of the ohmic and active regions by mini-
mizing
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Results

The resulting extrinsic parameter values of both transistors are given
in Table 1 and the MSE of the optimization for both transistors and in all
three operating regions are displayed in Figs. 9, 10 and 11. Obviously,
the MSE is lowest in the pinch-off region and highest in the active region.
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Fig. 14. GaN transistor S-parameters Vg = 4 V, Vg = 3 V. Measurements red,
model in blue.

However, even when the MSE is quite high in the active regions, the fits
are actually quite good. The reason for the higher MSE is the generally
higher gain in the active region and the accordingly higher noise. Some
values are missing in Fig. 11 on the top-right side, because no mea-
surements were taken in this region, as this would damage the transistor.

For the same operating point of the ohmic region shown in Fig. 3,
where the 10-parameter model was applied to the SiC transistor, the S-
parameters and the corresponding fits are shown in Fig. 12. A compar-
ison of Figs. 3 and 12 clearly shows the improvement that was achieved
by application of the 12-element model shown in Fig. 5. For an
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Conclusion

A method for the characterization of a SiC MOSFET and a GaN HEMT
based on pulsed S-parameter measurements is presented. Unlike for the
Si transistor investigated previously (Hergt et al., 2024), a more detailed
model based on 12-elements needs to be applied. Based on the
S-parameter measurements the model parameters have been adjusted
iteratively.

Crucial for convergence of the iterations are best possible starting
values of the parameters. As operating points within the pinch-off region
can be described with the model’s current source set to zero, starting
values are estimated for that operation region first by means of a
simplified 6-element equivalent circuit. Then, the optimization is con-
ducted for the pinch-off region using the 12-element model. Thereby,
the resulting extrinsic parameters describing the package properties of
the transistor are forced to be constant over all operating points. This
allows us in a next step to de-embed the extrinsic parameters from the
measurements in the pinch-off and active region. In consequence, only
the intrinsic model needs to be considered when identifying the pa-
rameters of the equivalent circuit in the pinch-off and active regions.

Additionally, due to the symmetry of (9), the current source can be
identified separately from the other elements, again simplifying the
optimization procedure.

As the elements of the equivalent circuit can be assumed to change
continuously with the applied voltages, the parameters computed for
adjacent operating points have always been used as starting values to
simplify the optimization.

A comparison of the obtained model with the original S-parameter
measurements exhibits an excellent match.

Voltage dependent capacitances of the transistors are presented and
compared with the data sheet, supporting the results.
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