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Abstract—The dissipated energy (FEqiss) related to the resonant
charging/discharging of a transistor output capacitance, becomes
a dominant loss factor for power converters operating in the MHz
range. A recent work has introduced a small-signal measurement
method to quantify Fg4is with a frequency-dependent small-signal
resistance, R, and an effective small-signal output capacitance,
CeX. This work provides further insights on the effect of Rs and
Coss upon the device losses in a broader sense. In particular,
the Coss loss tangent, tan(d), is introduced as a normalized
Faiss to combine the roles of R; and Cys together with the
operating frequency into a single loss parameter. By evaluating
commercial device families, it is demonstrated that tan () is
constant for a given family, independent of the device on-state
resistance, Rps(on). It is shown that a minimum FEg;ss is achieved by
having the lowest tan (0) for a given stored energy (Foss) in Cogs.
With accompanying guidelines, this work identifies tan (5) as a
powerful figure of merit to classify field-effect transistors for soft-
switching applications, regardless of Rpsen) variations in devices
within a family. The proposed concept provides a comprehensive
method to characterize and benchmark power transistors for
high-frequency applications.

Index Terms—Clyss, Coss losses, Faiss, output capacitance, mod-
eling of losses, soft-switching loss, loss tangent, WBG devices.

I. INTRODUCTION

IDE-Band-Gap (WBG) devices have paved the way
Wto push the boundaries of power conversion in the
MHz range, especially for soft-switching and resonant power
converters [1]-[3]. One of the major factors that hinders this
trend is the non-recoverable power losses associated with
device output capacitance, C, (where the corresponding small-
signal quantity is defined as C in device data sheets [4]). The
topic has gained heightened attention since the observation of
large-signal hysteresis losses in charging/discharging C, of Si
Super-Junction (SJ) MOSFETs [5]-[7], followed by similar
observations in WBG devices [8]-[11].

Based on impedance measurements, a recent work on the
topic reported the existence of a small-signal series resistance
(Rs) related to Cygs [12]. The work further presented a small-
signal measurement model (see Fig.1(a)) to quantify the
frequency-dependent large-signal energy losses related to the
output capacitance of WBG devices. The model consists of
two elements in series [12]: a nonlinear (voltage-dependent)
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Fig. 1. (a) The small-signal model for output capacitance. (b) The frequency
dependence of R, for a 100-V GaN devic_gt and a 650-V SiC device, where

(c) and (d) show the variation of Cygs, C<If and R, with bias voltage for the
0SS g

same devices. A Keysight E4990A impedance analyzer with a 16047E test
fixture (50 MHz) was used with an excitation signal of f = 10 MHz at a peak
of 100 mV. The gate and source terminals of the transistors were shorted, i.e.
vgs = 0V (Coss = Cop + Cps).

excitation on the device’s drain-source voltage, vps, with a
peak value of V};; and Ry, whose value is frequency-dependent.
The dissipated energy (FEqiss) in charging/discharging the Clogs
branch, in a full cycle, is attributed to R;.

This letter reports important findings on R related to
commercial normally-off device families, and investigates its
implications in a broader sense to generalize high-frequency
soft-switching losses. To encompass the C, and the Ry
information of a device, the concept of Cys loss tangent,
tan (9), is introduced as a unified selection and benchmark-
ing criterion; where Ry and the capacitive reactance, X, =
1/jwCeT, respectively, represent the real and imaginary parts
of a complex impedance with an angle §. The loss tangent
normalizes Eyis With respect to Eg (stored energy in Clg for
a given drain-source voltage), enabling comparison of device
families solely based on their loss tangent values, regardless
of on-state resistance ([psn)) Vvariations in devices within
a family. Benchmarking of devices based on the proposed
concept provides important information for the circuit designer
to choose the best device that minimizes the overall losses.
Moreover, the presented results can be insightful for the device
designer to improve the high-frequency behaviour of their
devices.

II. R AND THE Cyss LOSS TANGENT

The output capacitance model in Fig. 1(a) is valid for any
type of excitation on the device’s drain-source voltage. The
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TABLE I
EVALUATED DEVICE FAMILIES
Family  Voltage Technology Manufacturer
A 500 Si (planar) Vishay
B 650 GaN GaN Systems
C 700 SiC Microsemi
D 650 SiC Rohm
E 650 SiC (Cascode) United SiC
10000 Highlx’oltage device familf;s
E (SiC)
g 1000+ ]
E
o D (SiC)
C (SiC)
100 E
10 100 1000
Rps(on) (mQ)

Fig. 2. Variation of Rs (at vps = 40 V and vgs = 0 V) with Rpg(on) for
500-700 V normally-off device families. The excitation signal has f = 10
MHz and a peak of 100 mV.

resulting Egiss value depends on the type and magnitude of
the excitation signal. Fig. 1(b) shows the dependence of R,
with the frequency of excitation, f, for two WBG devices.
Fig. 1(c) and Fig. 1(d) highlight the nonlinear variation of Clog
and C¢T with vps for the same two devices. They also show
that Ry is not a strong function of voltage, and therefore, can
be approximated as a constant for a given f [12]. A Keysight
E4990A impedance analyzer with a 16047E test fixture (50
MHz) was used in this work for all impedance measurements.

To study the behaviour of Ry within commercial devices,
Fig. 2 plots R vs Rps(on), for five high-voltage device families
A to E (tabulated in Table I) at 10 MHz. All families generally
show a linear relation between %, and Rpgn). SiC families
show a higher Rg/Rps(on) ratio (> 10), while the Si family
A shows the lowest ratio (= 1). These results suggest that Ry
is fundamentally related to the sizing of a device in a linear
manner: i.e. Ry < Rpsen) X 1/Ipgated), Where Ipgated) is the
device current rating. To investigate the implications further,
the sizing' of a device family is modeled by a distribution of
unit cells as depicted in Fig. 3. Each cell has a current rating
of Ipp and an output capacitance with the parameters Ry and
effective capacitance Cyss. A device sized with n number of
cells has Ipaed) = 1+ Ipo. This entails that the product C. R

0ss

is independent of the sizing of the device (illustrated in Fig. 3):
Ceff R C. 0ss0 * Rs0~ (1)

0SS
Using the result Ry o< Rps(ony and (1),
1

R XX RDS(on) XX (2)
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The product Cyg - Ry is a unique feature of a device struc-
ture/family that is independent of its current rating. To infer its
relation to Fyiss, Rs is considered as a perturbation element,

1Sizing is also commonly referred to as the scaling-up of a device in device-
engineer terminology. Increasing the device width (e.g. scaling it up) increases
the current rating, and equivalently, decreases its on-state resistance.
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Fig. 3. Sizing of a large device of a current rating Ip(raed) can be imagined
by a distribution of n unit cells, where each has a current rating of Ipg.

which is valid as long as the inequality wCTR, < 1 is
satisfied. Therefore, the voltage across R can be neglected and
the current through it can be approximated as Cog - dups /dt.
Then, Eg;s for a large-signal excitation on vps (from 0 to V},)

is given by (3), where k = 4 for triangular voltages [12].
2
Egss = kfVZCol ™ R 3)

0ss
To develop a unified loss-parameter that includes frequency

dependence, a Cy loss tangent is defined in (4).

RS Rq eff
X~ o ~ WGt @

By using (3) and (4), a normalized Fg;ss is defined with respect

tan(d) =

to an effective stored energy (3 Cf - Vi?) of device Co:
Edlss k
Eaiss = 177 3 = OS2 = tan(§). (5)

0ss

We arrive at the following important conclusions:

1) tan(d) normalizes Fjyss and encompasses CCT, R and f
in a single parameter for loss evaluation. In other words,
tan(d) is a measure of Ey; for a unit stored energy.

2) Equations (1) and (4) show that tan (J) is constant for a
given family and is independent of current rating. Also,
(5) shows that scaling up increases (as C’gg increases)
the absolute FEyiss within a device family.

3) For different device families, the family with the lowest
tan(d) offers the lowest Eg;ss for a given stored energy
(or equivalently for a given current capability).

It should be noted that the parameter k is a factor that
depends upon the large-signal excitation and is independent
of the device structure.> On the other hand, tan(d) is a device
specific parameter independent of k. Thus tan(d) allows to
compare the soft-switching performance of different device
families, independently of the excitation signal.

III. RESULTS

In this section, the proposed concepts are experimentally
evaluated on commercial devices, providing further insights on
the implications of R and tan(d). The loss tangents and the
related percentage losses (with respect to an effective stored
energy 1C§§f£ VPQ) with the excitation frequency (up to 50
MHz) are plotted in Fig.4(a) for different device structures:
Si, SiC, and GaN power devices with similar current ratings

on the high-voltage range (500-900 V) are considered. Note

2Since vgs = 0V, the large-signal excitation on the device, and hence the
voltage-transient times of vpg, is determined by the external load and Cj.
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Fig. 4. (a) The variation of tan (d) vs f for 30-A high-voltage (500-900 V)
devices from different manufacturers. The percentage losses are also given
with respect to their effective stored energies, where the factor k/pi from (5)
is not considered. A sinusoidal excitation signal with a peak of 100 mV was
employed. (b) The variation of tan(§) with Rpg(n) for the device families
A-E (tabulated in Table I), measured at f = 10 MHz (solid lines) and f =
25 MHz (dotted lines), with C values estimated at vpg = 400 V.

that, since R; is a frequency-dependent parameter [12], as
illustrated in the example-cases shown in Fig. 1(b), the value
of tan(d) changes non-linearly with f. For frequencies below
15 MHz, the Si device (planar MOSFET) and the GaN
devices from GaN Systems and Infineon show tan(d) values
well below 0.01, with less than 1 % of losses. However,
above 15 MHz, GaN devices show the lowest tan(J) values,
keeping around 3 % of losses. The lower rate of increase of
tan(d) towards the large frequencies of the GaN devices is
attributed to the general decrease of R with frequency [12].
The significant increase of tan(d) in the Si device up to 25
MHz, which leads up to ~ 8 % of losses, is due to the large
increase of its R in this frequency region. The SiC devices
show negligible variation in their tan(d) values between 5 to 30
MHz. This agrees well with the observations in [2], where the
measured Fg;ss for the tested SiC devices show little change
within the considered frequency range. All the SiC devices
generally show higher losses for the whole frequency range.
Fig. 4(b) plots tan(J) value with Rpgon) for different devices
within a family at 10 MHz (solid lines) and at 25 MHz (dotted
lines): five different families from A to E were considered (see
Table I). For all the device families it is clearly observed that
tan(J) stays fairly constant for 10 MHz, irrespective of the
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Fig. 5. Temperature rise of two devices that have approximately equal Eoss
values (= 10 pJ) at 400 V, but different tan(d) values. The devices were
excited using the Sawyer-Tower circuit with a vpg swing of 400 V and f =
900 kHz. Note: the arrows in | X| curves show the direction of increasing
frequency.

value of Rpson), hence with the device current rating. This
is in agreement with (2), and is expected based on the linear
behaviour observed between R and Rpgon) at 10 MHz in
Fig.2. A similar trend can be seen at 25 MHz, except for the
Si family that shows a deviated behaviour with much higher
tan(d) values at lower Rpg(on) values. The families A (Si) and
B (GaN) offer best performance at 10 MHz, with tan(d) ~
0.005; however, the GaN family B offers much lower Rpson),
allowing same level of soft-switching performance at much
higher current ratings. The GaN device family outperforms all
the families at 25 MHz with the lowest tan(9).

Since it can be assumed that Fog o ng, and based on
(5), the device family with lowest tan(d) should be selected
as the preferred choice to minimize Fgis for a given E.
To corroborate this experimentally, two high-voltage Si and
SiC devices were excited with the Sawyer-Tower circuit at
a peak voltage of 400 V and a frequency of 900 kHz. The
devices have similar FE, values (around 10 wJ) and the
same hardware-package (TO-247); also similar environmental
conditions were maintained during the test. Fig. 5 shows the
impedance-plane measurements of the two devices whose 1.X|
values lie in the same range, indicating that E,s values are in
close range. The steady-sate thermal images of the two devices
are also shown in Fig. 5. The SiC device exhibits much higher
power dissipation compared to the Si device. This is due to
its much larger tan(¢) value (=~ 0.013) which is more than an
order of magnitude larger compared to the Si device.

The loss-tangent method is valid for frequency-dependent
energy losses related to C,, which can be characterized by
the small-signal Rs. This is the case observed in most WBG
devices [12]. For such devices, the large-signal C, loss is
solely determined by tan(d). On the other hand, the frequency-
independent energy losses [12], which can be observed mostly
in Si-SJ devices, should be estimated using large-signal mea-
surement methods, like the Sawyer-Tower method [8]. Since
these losses are observed at much lower frequencies, such as
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Fig. 6. Comparison of power loss levels with Rpg(on) for three device families,
where yellow, green and red colors correspond to the device families A-
C (tabulated in Table I), respectively. The solid lines show the maximum
possible conduction loss (Feon) for a given family for 50 % of rated current.
Soft-switching power loss (Fyiss) values of each considered device (for a V}
of 400 V) are shown at 1 MHz (dot symbol) and 40 MHz (star symbol).

10-50 kHz [7], at which the value of tan(d) is negligible, the
extracted frequency-independent loss is a good measure of the
C, losses. If such a device has a frequency-dependent energy
loss component, then one can simply add the frequency-
independent component to the losses predicted by tan(d), to
calculate the total loss. However, the frequency-dependent
component becomes dominant, and surpasses the frequency-
independent portion at larger frequencies.

IV. DISCUSSION

In this subsection the applicability of the proposed concepts
in the selection of devices for high-frequency soft-switching
applications is discussed. The conduction power loss (FPropn)
and soft-switching power loss (FPys) of a device can be
expressed as given in (6) and (7), respectively. P, is evaluated
for a 50% duty cycle, where Ijy,q is defined as a sinusoidal
RMS current that is equal to 50 % of device’s rated current.

Pcon =0.5 I]%adRDS(on) (6)
k 1
Puiss = [ - Baiss = f - —tan(d) - 5Co V7 ()

To minimize the total losses in a soft-switching device, the
total loss Peon + Piiss should be minimized. In order to provide
a perspective to this requirement, the relative distributions of
P.on and Py of the commercial device families A-C are
plotted in Fig. 6. The solid lines show the maximum possible
Peon for a given family. The Py values (at V, = 400 V) for all
the considered devices are shown at two frequencies, 1 MHz
(dots) and 40 MHz (stars). A general guide for the selection
of devices for soft-switching applications is given below.

At lower frequencies (typically below 1 MHz), P,,, dom-
inates the losses, thus one needs to minimize the losses by
selecting the device with lowest Rpson). At high frequencies,
which generally occurs above 5-10 MHz, Py dominates
the losses, and therefore, should be minimized. This can be
achieved in two ways based on the design problem.

1) On the one hand, if the selection is within a given family,

the device with lowest Ey (or CET ) should be selected.

This is because tan(d) is fixed for a family and losses
scale with C¢l | Based on (2), this means selecting the

0ss *
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device with the highest Rps(on), that is in fact, contrary
to the conventional belief. This is clearly observed in
Fig. 6, where all families tend to show lower Py with
higher RDS(on)-

2) On the other hand, if the E,s value is given, similar
to the case study in Fig.5, the device with the lowest
tan(0) value should be selected.

Fig. 6 also highlights some important aspects of the selected
commercial device families. The Si and the GaN family offer
lower Py values (< 100 mW) at 1 MHz, while at 40 MHz,
the GaN family (B) offers the lowest losses (< 10 W). At very-
high frequencies, such as 40 MHz, the soft-switching losses
dominate in comparison to conduction losses and results in
significant power losses. It should be emphasized that, as the
conduction losses could be well below their maximum possible
value for a certain application (i.e. much below the solid lines
in Fig. 6), optimization of Py in the range of tens of MHz
is extremely important. The proposed concepts in this work
provide the essential insights on the subject. We recommend
that device manufacturers consider the loss tangent of the
output capacitance as an important figure of merit and provide
the related characteristic curves with the excitation frequency
in the device data sheets. Provision of a comparison of the
loss tangents for complete families would further facilitate the
device selection process for the power electronic designer.

V. CONCLUSIONS

The concept of Cys loss tangent was introduced as a
powerful measure of output-capacitance-related soft-switching
losses. It was shown, that for a given device family, the loss
tangent is a fixed value independent of current rating. This
allows comparison of device families solely based on their loss
tangent values, regardless of their on-state resistance values.
Based on the developed concept, commercially avaialable
high-voltage wide-band-gap and planar-Si device structures
were benchmarked for their loss tangent over a wide frequency
range. The results show that for frequencies above 10 MHz, the
GaN devices show significant performance benefits compared
to Si and SiC devices. Based on the proposed concept,
important guidelines for the selection of devices for high-
frequency applications were presented. This work provides a
method to properly select transistors for high-frequency soft-
switching converter designs.
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