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Letters

New Insights on Output Capacitance Losses in Wide-Band-Gap Transistors

Mohammad Samizadeh Nikoo , Member, IEEE, Armin Jafari , Nirmana Perera , Student Member, IEEE,
and Elison Matioli , Member, IEEE

Abstract—The low ON-resistance of wide-band-gap (WBG) tran-
sistors is a key feature for efficient power converters; however,
the anomalous loss in their output capacitance (COSS) severely
limits their performance at high switching frequencies. Char-
acterizing COSS losses based on the large-signal measurement
methods requires an extensive effort, as separate measurements
are needed at different operation points, including voltage swing,
frequency, and dv/dt. Furthermore, there is a practical tradeoff
in the maximum voltage and frequency applied to the device.
Here, we introduce a new circuit model, including an effective
COSS and a frequency-dependent series resistance, along with a
simple small-signal method to fully characterize COSS losses in
WBG transistors. The method accurately predicts COSS losses at
any voltage swing or frequency. Contrary to other methods, this
technique directly leads to a general identification of COSS losses
at different operation points, revealing new insights on COSS losses
in WBG transistors, especially the dependence of EDISS on voltage
and frequency. Based on the proposed approach, the issue of COSS

losses in enhancement-mode GaN and SiC transistors was assigned
to the limited quality factor of COSS. The precise characterization
of COSS losses proposed in this letter is essential for designing
efficient high-frequency power converters.

Index Terms—Cascode, COSS, EDISS, energy loss, GaN,
nonlinear resonance, output capacitance, SiC, superjunction (SJ).

I. INTRODUCTION

THE nonrecoverable energy loss associated with resonantly
charging and discharging the output capacitance (COSS) of

some of the advanced transistors and diodes considerably limit
their performance in the power converters, especially those op-
erating at high frequencies [1]–[11]. An unexpected power loss
in soft-switched power converters based on Si superjunction (SJ)
MOSFETs, especially those with low specific RON, initiated stud-
ies on their large-signal COSS, where the nonsymmetric charging
and discharging processes were observed. Measurements with
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Sawyer–Tower (ST) method showed a frequency-independent
COSS-loss due to the charge trapping in SJ devices [8]–[11].

The lower-than-expected efficiencies in soft-switching power
converters based on the wide-band-gap (WBG) transistors again
initiated investigations on COSS losses [12]. Zulauf et al. [2]
characterized the COSS charging/discharging energy dissipation
(EDISS) in GaN transistors using an ST method, where the
results showed frequency-dependent losses. Guacci et al. [3]
used a thermal approach to study COSS losses in GaN transistors
and observed dv/dt-dependent energy dissipation. The ST-based
EDISS measurement of some of the commercial SiC transistors,
however, presented a weak dependence on frequency and dv/dt
[1].

Although several measurements showed an effect from volt-
age swing, frequency, and dv/dt on COSS losses in SiC and
enhancement-mode GaN transistors, the dependence of EDISS

on these parameters is still not clear [3]. Zulauf et al. [1] used
the empirical relation

E
Ref[1]
DISS = k · fα · V β (1)

to fit the experimental data, where f is the frequency, V is the
charging voltage, and k, α, and β are constants. For some
of the evaluated transistors, the values of α < 1 and β < 2
were obtained [13]. Although curve fitting from large-signal
measurements shows the behavior of COSS losses, it requires
excessive experiments with the high-voltage and high-frequency
power amplifiers (PAs) at several operation points at different
voltages and frequencies. Moreover, the need for a high-voltage
RF PA can severely limit the maximum voltage and frequency
applied to the device under test.

In this letter, we propose a small-signal modeling approach
to extract the large-signal COSS losses of WBG transistors
on a wide range of operation points. The device is simply
modeled by a nonlinear capacitance COSS in series with a
frequency-dependent resistance RS . This modeling decouples
the frequency and voltage dependence of losses, enabling to
solve a large-signal problem with a small-signal approach.
Using an impedance measurement to measure the values of
RS at different frequencies, together with the presented output
capacitance versus voltage from the datasheets, we present a
general relationship for COSS losses in different voltages and
frequencies. As a result, just one simple small-signal measure-
ment (instead of several different measurements in large-signal
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Fig. 1. (a) Circuit model for the output capacitance of transistors. Quality
factor versus frequency for transistors with (b) fixed and (c) frequency-dependent
RS and RP . (d) Measured quality factor of the COSS of different commercial
WBG transistors versus frequency at VDS = 40 V. The gate and source of
transistors were shorted (COSS = CDS + CGD).

methods) leads to a general view of the COSS losses. The method
does not suffer from some of the shortcomings of large-signal
measurements, such as limitation in applied voltage/frequency
(e.g., due to PA) or signal distortion at high frequencies. The
proposed method gives insights into the dependence of EDISS

on frequency, voltage, and dv/dt value.

II. MODEL

Fig. 1(a) shows a model for the output capacitance of tran-
sistors, including a nonlinear capacitance COSS in series with
resistanceRS and in parallel with resistanceRP , a representative
for losses at high and low frequencies, respectively. The quality
factor (Q-factor) of output capacitance can be defined as [see
Fig. 1(b) and (c)]

Q =
1

RSCOSSω + (RPCOSSω)
−1 . (2)

The effect of RP (mainly corresponding to the leakage cur-
rent) is dominant at dc, while RS significantly contributes to the
switching dynamics and COSS losses. As illustrated in Fig. 1(d),
small-signal measurements show a considerable lossy behavior
for the COSS of WBG transistors. For instance, the levels of
losses are considerably higher than a reference low-loss mica
capacitor. The small-signal extracted values of losses for fre-
quencies higher than 1 MHz are in the range of 1%–10%, which
is in agreement with the previously measured large-signal losses
[1], [2]. This indicates the possibility of evaluating large-signal

TABLE I
SPECIFICATIONS OF EVALUATED WBG TRANSISTORS

∗Continuous current at 25 °C.
∗∗Reported capacitance at two-third of voltage rating, measured at 1 MHz.

losses with proper small-signal modeling. Fig. 1(d) also shows
that for frequencies higher than 1 MHz (which covers the
switching bandwidth of WBG transistors), the Q-factor of all
the considered transistors is limited by RS .

For a linear capacitor with frequency-independent RS and
RP , (2) fully describes the charging/discharging energy dissi-
pation as

EDISS =
π

2Q
EOSS (3)

where EOSS is the total energy stored in COSS. In practice,
however, COSS is nonlinear and RS and RP can change with
frequency [see Fig. 1(b) and (c)]. The nonunity slope of the
Q-factor versus frequency for several different WBG transistors
(see Table I), as shown in Fig. 1(d) (measured with Keysight
E4990A impedance analyzer with a very high accuracy), con-
firms the frequency-dependent nature of RS and RP .

We use the model presented in Fig. 1(a) to extract COSS

charging /discharging energy dissipation. As mentioned, RS is
the origin of COSS losses in switching dynamics, as RP just
limits the Q-factor at low frequencies. By applying voltage v(t)
to the output capacitance and considering RS as a perturbation
element, the power loss in RS can be written as

Ploss = RS(COSS
dv
dt )

2. (4)

Assuming v(t) represents a switching transient from 0 to V,
the total energy loss during a single switching transient time tSW
is

Eloss =

∫ tSW

0

RS(COSS
dv
dt )

2
dt. (5)

In a charging and discharging process, however, Eloss is
dissipated two times (EDISS = 2Eloss). Considering a constant
switching speed dv/dt ∼= V/tSW, which is very accurate for
trapezoidal waveforms and also can be used for sinusoidal
waveforms, we write

EDISS = 2RS(
dv
dt )

∫ V

0

C2
OSS dv (6)

which clearly shows dv/dt dependence of COSS losses [2]–[4].
Equation (6) can be rewritten as

EDISS = 2RS(
dv
dt )V Ceff 2

OSS (7)
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Fig. 2. COSS (at 1 MHz, reported in datasheet) and extracted effective COSS

for (a) M1 (SiC) and (b) M2 (GaN). (c) Photograph of the experimental setup for
measuring RS (the gate and drain of the transistor are shorted) using Keysight
E4990A impedance analyzer. (d) RS as a function of frequency for M1 and M2
(VDS = 40 V). Measurement (solid line) and curve fitting (dashed line).

in which we introduced the new term Ceff
OSS, which is the root-

mean-square (rms) of COSS from 0 to V, representing the average
COSS value that contributes to the power dissipation in the device
output capacitance

Ceff
OSS =

√
1

V

∫ V

0

C2
OSS dv. (8)

One can use f = 1/(2tSW) to rewrite (6) as

EDISS = 4RSfV
2Ceff2

OSS. (9)

Comparing (9) with the experimental model (1) reveals two
main points.

1) α= 1 for a fixed and frequency-independentRS ; however,
nonunity values of α have been reported in [2] and [13].
This agrees with the measurement results presented in
Fig. 1(d), showing frequency-dependent RS .

2) The obtained values of β, extracted by curve fitting in
[13], were always less than 2. This is in agreement with
(9) since when rising the voltage V, the rms value of COSS

decreases. As a result, although the square of V is seen in
(9), the COSS-related term leads to a β < 2.

III. COSS-LOSS EVALUATION

Here, we show how large-signal COSS losses can be extracted
from the small-signal model. This section also validates the
applicability of the proposed method to evaluate COSS losses
by comparing the extracted EDISS values with the ST method
[1], [2]. The first step to extract the general relation of (9) is
to obtain the effective COSS. This can be done by using the
data reported in datasheets. Fig. 2(a) and (b) shows the reported
COSS in the datasheet of transistors M1 (36-A-rated SiC FET
with RON = 80 mΩ) and M2 (30-A-rated e-mode GaN HEMT

Fig. 3. Theoretical prediction of COSS energy dissipation (solid lines)
compared with measurement results with the ST method [1], [2] for (a) M1
(at 1 MHz) and (b) M2 (at 10 MHz).

with RON = 50 mΩ), respectively. The effective COSS values
were obtained using (8) [see Fig. 2(a) and (b)]. One can directly
use these values; however, here we applied a curve fitting to
obtain the closed-form relations [dashed lines in Fig. 2(a) and
(b)]

Ceff
OSS = (2850 pF)× (V [V])−0.38 (10)

and

Ceff
OSS = (2350 pF)× (V [V])−0.42 (11)

for M1 and M2, respectively.
After extraction of the effective COSS, the series resistance

RS was measured using a Keysight E4990A impedance analyzer
[see Fig. 2(c)]. The RS , as a key element in COSS losses, as a
function of frequency is not typically reported by the manufac-
turers in datasheets. Fig. 2(d) illustrates the RS for transistors
M1 and M2 (solid lines). Unlike COSS, which is a strong function
of voltage, RS is almost constant with voltage, and therefore, it
can be assumed as a linear parameter. On the other hand, COSS

is not a function of frequency, while RS is highly frequency
dependent [see Fig. 2(d)]. For M1 and M2, we have

RS = (11 Ω)× (f [MHz])−0.91 (12)

and

RS = (2.2 Ω)× (f [MHz])−0.8 (13)

respectively. It should be noted that the level of RS , as the
effective series resistance of COSS, is significantly higher than
the device ON-resistance (e.g., in GaN devices it includes the
buffer and Si substrate instead of the two-dimensional electron
gas [14]). Substituting (10)–(13) into (9) results in

EDISS = 0.357× f0.09 × V 1.24[nJ], for M1 (SiC) (14)

and

EDISS = 0.049× f0.2 × V 1.16 [nJ], for M2 (GaN) (15)

where f and V are in MHz and Volts, respectively, showing losses
at different operation points just by performing two measure-
ments. The obtained relations were verified with measurement
results using the ST method with sinusoidal waveforms per-
formed at 1 MHz for M1 [1] and at 10 MHz for M2 [2]. As shown
in Fig. 3, good agreements were obtained for both transistors.
It should be noted that the level of losses in these transistors is
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Fig. 4. Frequency dependence of EDISS obtained from the proposed model
versus frequency for five SiC and GaN transistors.

considerably different, showing the applicability of the proposed
approach to extract COSS losses for a wide range of EDISS values.

IV. DISCUSSION

Despite several experimental works on COSS losses in WBG
transistors, the dependence of EDISS on frequency is not com-
pletely clear. Some transistors showed a strong dependence of
EDISS on frequency, while for some other transistors it was very
weak. The same observations can be seen for dv/dt dependence.
For some transistors, even lower EDISS values were obtained for
higher dv/dt values [1]. The proposed approach, however, clears
the dependence of EDISS on the frequency and dv/dt.

Based on (9), EDISS ∝ RS(f)× f , which shows the fre-
quency dependence of COSS losses. Fig. 4 presents the EDISS

dependence on frequency for several different transistors ex-
tracted using this model. RS values were measured at 40 V.
Since RS shows negligible variation with voltage, the obtained
results can be generalized to device performance at different
voltages. Transistor M1 (SiC) shows a saturation in EDISS

versus frequency, in agreement with the measurement results
in [1], which showed an almost frequency-independent EDISS.
Transistors M2 (GaN) and M3 (SiC) show almost constant
EDISS for frequencies higher than 5 MHz. The experimental
results in [2] also present almost equal losses at 5 and 10 MHz
for M2. Transistor M4, however, shows a significant increase
in EDISS at higher frequencies (>1 MHz). This is similar to
most typical cases in the reported experimental results [2], [13].
Interestingly, for transistor M5, there is an initial increase in
EDISS; however, after f = 5 MHz, the losses even decrease with
increasing the frequency. A similar behavior has been reported
for some of the SiC transistors, showing lower EDISS at higher
frequencies or higher dv/dt values. As a conclusion, different
frequency-dependence types can be observed in EDISS in WBG
transistors, and the present method allows us to investigate such
effects using a small-signal modeling.

The proposed method gives a complete view of COSS losses
due to a limited Q-factor in SiC and enhancement-mode GaN
transistors. Here, we separately discuss about the applicability
of the method for two other types of devices.

1) SJ devices: The dominant part of COSS loss in SJ tran-
sistors is due to the charge trapping that causes the

frequency-independent energy dissipation. SJ devices,
however, can potentially have a limited Q-factor. In this
case, a frequency-dependent loss is added to the total
energy dissipation. This might be the reason for previously
observed frequency-dependent losses in some of the SJ
transistors [16]. In this case, a low-frequency ST mea-
surement (frequency-independent losses) together with
the proposed method (frequency-dependent losses) gives
a complete view of COSS energy dissipation.

2) Cascode devices: A type of frequency-independent losses,
different from that is happening for SJ devices, was
observed in cascode transistors [4], [15]. Some of the
commercial cascode GaN (integrated with a low-voltage
Si device) devices showed a considerably higher loss for
voltages larger than ∼200 V [2], [4]. As a result, one
can separately characterize frequency-independent (using
the ST method at the frequency corresponding to peak of
Q-factor) and frequency-dependent (using the proposed
method) COSS losses. Adding these different components
give the general behavior of energy dissipation in the
output capacitance.

Based on the proposed model, it is suggested to manufacturers
to present RS-versus frequency (at least for frequencies above
1 MHz) for WBG transistors. This curve, together with Ceff

OSS,
gives a general view on COSS losses.

V. CONCLUSION

We proposed a new method to extract COSS losses for WBG
transistors at different voltages and time/frequency frames, just
by performing one small-signal measurement RS versus fre-
quency. This measurement together with the reported COSS

versus VDS reveals the general COSS-loss behavior of the device.
The method helps to clear the voltage and frequency dependence
of EDISS and can be used to compare and benchmark different
semiconductor devices. The results also led to a categorization of
COSS loss in different types of transistors. The EDISS in e-mode
GaN and SiC transistors is mainly caused by the limited Q-factor
of COSS, which was not observed in SJ and cascode devices. The
generality and robustness of this method made it possible to
quantify the COSS losses of WBG transistors as a crucial source
of losses in the soft-switched power converters, especially those
operating at high frequencies.
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