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Abstract—GaN HEMTs offer a viable replacement for silicon
counterparts due to their superior switching and conduction loss
performances. Commercially available normally-off high-voltage
(600 − 650V ) GaN HEMTs can be broadly divided into (a)
Cascode GaN, (b) e-GaN, and (c) GaN GIT. Due to differences
in device characteristics and gate driving requirements, the
switching dynamics of these GaN HEMTs can vary significantly.
This paper focuses on experimental investigations comparing the
switching behavior of these normally-off GaN HEMTs. High
voltage GaN HEMTs (600 − 650V ) with a current rating of
about 30A are considered for comparison. Double pulse tests are
conducted, and the switching transients are obtained for a wide
range of operating conditions. The key switching transient-related
parameters, such as switching losses, transition times, (di/dt),
(dv/dt), etc., are also compared. The results offer valuable
insights for the optimal selection of GaN HEMTs in various
power electronics applications.

Index Terms—GaN HEMT, comparison, switching loss,
Normally-off, GIT, Cascode, Double pulse test (DPT), (dv/dt),
(di/dt), turn-on, turn-off, switching transients,

I. INTRODUCTION

Gallium nitride (GaN) high electron mobility transistors
(HEMTs) are wide bandgap power semiconductor devices
commercially available in the voltage range of 10 − 650V .
They are gaining prominence as compelling alternatives to
silicon (Si) MOSFETs due to their superior switching, con-
duction, and reverse-recovery loss performances [1], [2]. With
reduced losses and high-temperature endurance, GaN HEMTs
can enable power converters with compact design, higher
efficiency, and smaller cooling requirements.

Due to safety concerns in power converters, GaN HEMTs
(inherently normally-on) are converted into normally-off coun-
terparts. Based on the approach adopted, normally-off GaN
HEMTs can be broadly divided into three types: (a) Cascode
GaN [1] (b) e-GaN [3] and (c) GaN (Gate Injection Transistor)
GIT [4]. Cascode GaN achieves normally-off operation by
connecting a low-voltage enhancement mode Si MOSFET in
series with a normally-on GaN [1]. In contrast, normally-off
operation in e-GaN and GaN GIT is achieved by altering the
device structure (a p-GaN layer under the gate electrode) [3],
[4]. The e-GaN features a Schottky contact between the p-
GaN layer and gate electrode, whereas it is ohmic in nature

Fig. 1: Package comparison (a) Cascode GaN (b) e-GaN and
(c) GaN GIT

in GaN GIT. In addition to a large transient gate current
requirements of Cascode GaN and eGaN, GaN GIT also
requires a small steady-state gate current due to non-isolated
gate structure. Due to these differences in approaches adopted,
these GaN HEMTs have different gate-driving requirements.
Consequently, their switching transients are also different,
which requires a closer investigation.

Many research publications have presented a switching
transient comparison study for normally-off GaN HEMTs [5]–
[9]. Among these, [5] compared the switching transients of e-
GaN with other 650V technologies, such as SiC MOSFET,
Si SJ MOSFET, and Si IGBT at only operating condition
i.e., 400V, 10A. [6], [7] presented a comparison of GaN GIT
and e-GaN. However, current ratings of the selected devices
are significantly different (i.e., 60A for e-GaN and ≈ 30A
for GaN GIT). In [8], [9], switching transients of cascode
GaN are compared with e-GaN. Whereas the comparison is
done for only one operating condition in [8], [9] presented
comparison results using LTSpice simulation. Hence, these
results are either inadequate or may not represent the actual
device performance in practice.

From the above discussion, it can be observed that there is
still a lack of literature that has comprehensively compared
the switching performance of different types of normally-off
GaN HEMTs. This paper addresses this gap and presents a
comparison of similarly rated normally-off GaN devices. High
voltage GaN HEMTs (600 − 650V ) with a current rating of
30A are considered for comparison. Double pulse tests are
conducted, and the switching transients are obtained for a wide
range of operating conditions. The key switching transient-
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Fig. 2: (a) Cascode configuration (b) e-GaN and GaN GIT
structure

related parameters, such as switching losses, transition times,
(di/dt), (dv/dt), etc, are examined. The results offer valuable
insights for the optimal selection of GaN HEMTs in various
power electronics applications.

II. OVERVIEW OF SELECTED DEVICES

Three devices, one belonging to each of the normally-off
GaN HEMT types, are selected in this study. The selected
devices have similar voltage (600−650V ) and current (≈ 30A)
ratings, as shown in Table I. Also, these devices exhibit
similar on-state resistances (≈ 50mΩ), resulting in comparable
conduction loss performance. Among the chosen devices, GaN
GIT and eGaN are packaged in SMD format, while the
selected Cascode GaN comes in a through-hole package (see
Fig. 1). For each specific device package, the best possible
layout is considered for the purpose of this comparison. A
brief overview of these devices is presented in the following
subsection.

A. Cascode GaN

To achieve normally-off operation, a low-voltage enhance-
ment mode silicon MOSFET is connected in series with the
depletion-mode GaN. Fig. 2(a) shows the equivalent circuit
for a cascode GaN switch. By applying positive/zero voltage
across the gate-source terminals of the Si MOSFET, turn-
on/off operation of the cascode GaN can be achieved [1].
Hence, the Cascode GaN is compatible with commercially
available gate drivers for Si MOSFETs. The gate drive circuit
for Cascode GaN is shown in Fig. 3(a). A split output gate
driver with different turn-on (Rg(on)) and turn-off (Rg(off))
gate resistances are used to control the switching speeds
separately.

B. e-GaN

By altering the structure of depletion mode GaN, the
normally-off operation is achieved in eGaN. A pGaN layer
is added on top of the AlGaN layer, which depletes the two-
dimensional electron gas (2DEG) (see Fig. 2(b)). The gate
electrode forms a Schottky contact with the p-GaN layer, thus
forming an isolated gate structure [3]. Therefore, standard gate
driving techniques like Fig. 3(a) can be used. Whereas a small
positive voltage V+ = 6V is sufficient to enhance the channel
of eGaN, negative gate voltage V− = −3V is used to safeguard
against crosstalk events. Unlike Si MOSFETs, e-GaN has only
about a 1−2V overdrive safety margin. Beyond V+ = 6V, the
gate current can increase exponentially for a small increase in

Fig. 3: Gate driver circuit comparison (a) e-GaN/Cascode GaN
(b) GaN GIT

gate voltage leading to device failure. Therefore, care must be
exercised not to exceed the limit.

C. GaN GIT

The structure of GaN GIT is similar to e-GaN (see Fig.
2(b)). However, the gate electrode forms an ohmic contact
with the p-GaN layer leading to a non-isolated gate structure.
Consequently, GaN GITs require some amount of steady-state
gate current to obtain its rated on-state resistance. However,
high gate currents are preferred during the switching transients.
Therefore, a gate-driving circuit capable of providing a high
transient and low steady-state gate current is required [10].
Fig. 3(b) shows the gate drive circuit used for driving GaN
GIT. Whereas Rg(on), Cc acts during the turn-on switching
transition and provides the transient gate current, Rss is
designed to provide on-state quiescent current (see (1)). Here,
VF denotes the knee voltage of the gate-source diode and
Iss represents steady-state current required for achieving the
required on-state resistance. Please note the value of Rss is
high compared to Rg(on). Turn-off transitions are controlled
by Rg(off) and negative gate drive voltage V− (see Table I).

Rss =
V+ − VF

Iss
(1)

(2)

The key parameters of these devices are listed in Table
I. It can be observed from Table I that both GaN GIT and
e-GaN have similar gate-charge (Qg), output charge (Qoss)
and zero reverse recovery charge (Qrr). On the other hand,
Cascode GaN features significantly higher Qg , Qoss, and Qrr.
Whereas Qg is proportional to the power dissipation in the
gate circuit, Qoss is inversely related to the switching transient
speed. Thermal resistance Rθjc of e-GaN is the least among
the three selected devices, whereas GaN GIT and cascode GaN
have similar Rθjc.
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TABLE I: Details of normally-off GaN HEMTs

Part No Manufacturer Type Rating Gate Voltage (V)
(V+/V−)

Rds(on)

(mΩ)
Qg

(nC)
Qrr

(nC)
Qoss

(nC)
Rθjc

(◦C/W )
Voltage (V) Current (A)

TP65H050WSQA Transphorm Cascode GaN 650 36 12/0 50 15 125 178 0.8
GS66508B GaN Systems e-GaN 650 30 6/-3 50 6.1 0 64 0.5

IGT60R070D1* Infineon GaN GIT 600 31 12/-3 55 5.8 0 41 1
*requires steady-state gate current for operation

Fig. 4: (a) Double pulse test Schematic (b) Idealized Wave-
forms

III. EXPERIMENTAL SETUP

Double pulse tests (DPT) are performed to capture the
switching transient waveforms experimentally. The schematic
of the DPT is shown in Fig. 4(a). It consists of normally-off
GaN HEMTS connected in a half-bridge configuration with an
inductive load (L = 150µH). Two pulses of different widths
are applied to the bottom GaN HEMT (QB). On the other
hand, the top GaN device is kept in off-state by applying
V− (see Table I). An initial pulse of longer duration sets up
the required current (I0) in the output inductor. Turn-off and
turn-on transients are obtained by turning QB off and on,
respectively (see Fig. 4(b)).

Due to diverse gate driving requirements and device foot-
prints, different DPT setup is developed for cascode GaN, e-
GaN, and GaN GIT (see Fig. 5). As cascode GaN is through-
hole device, its power loop layout is shown in Fig. 6(a).
Devices (Q1, Q2) are placed on the top layer (L1) whereas
the transient capacitor-resistor network is placed on the bottom
layer (L4) (see Fig. 6(d)). This minimizes the total inductance
in the power loop for the through-hole devices [11]. The power
loop layout of eGaN and GaN GIT is shown in Fig. 6(b) and
Fig. 6(c), respectively. Unlike layout of Cascode GaN, the
devices (Q1, Q2) and the transient capacitor-resistor network
are placed on the top layer for both the SMD devices. The
return path of the current is through first inner layer (L2).
This hybrid layout is simple and results in minimum power
loop inductance [12] (see Fig. 6(e)). Therefore, the best layout
is selected for a given GaN device.

All the GaN devices are tested at a dc bus voltage Vdc =
400V , two values of external gate resistance (Rg = 5, 20Ω),
and four values of load currents (I0 = 5, 10, 15, 20A). The
drain-source voltage vBd′s′(t) and device current id(t) are
the key waveforms for the characterization of the switch-
ing dynamics. These waveforms are measured using a high-
voltage differential probe (THDP0200 - 1.5kV, 200 MHz) and

Fig. 5: Double pulse test (experimental) setups (a) Cascode
GaN (b) e-GaN (c) GaN GIT
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Fig. 6: Power loop layout of (a) Cascode GaN (b) eGaN (c)
GaN GIT (d) cross-sectional view of Cascode GaN layout (e)
cross-sectional view of layout of eGaN and GaN GIT

a coaxial current shunt resistor (SSDN-414-10) from T&M
Research, respectively. These signals are captured in a 1
GHz mixed-signal oscilloscope (MDO3104) from Tektronix.
A deskew fixture (067-1686-00 from Tektronix) was used to
match the delay of the current and voltage probes. Note: all
the experiments are conducted at 25◦C.

IV. RESULTS AND DISCUSSION

The turn-on and turn-off switching transients for the
normally-off GaN HEMTs are obtained from the DPT ex-
periments for a range of operating conditions as mentioned
in Section III. The experimental comparison results of key
parameters such as switching losses, times, (di/dt), (dv/dt),
etc, are presented in this section.

A. Turn-on Switching Transients

The turn-on switching transient waveforms obtained for
GaN GIT, eGaN and Cascode GaN are shown in Fig. 7(a),
(b) and (c), respectively for the operating condition [Vdc =
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Fig. 7: Comparison of turn-on transient waveforms at [400V, 10Ω, 20A]

Fig. 8: Eon comparison [400V ]

400V,Rg(on) = 10Ω, I0 = 20A]. It can be observed that
GaN GIT and eGaN show similar switching speeds whereas
the Cascode GaN has the slowest turn-on transitions. A
brief comparison of turn-on switching losses, times, (di/dt),
(dv/dt), etc is presented as follows.

1) Comparison of turn-on switching loss (Eon): The turn-
on switching loss (Eon) is obtained by integrating the product
of the drain-source voltage vBd′s′ and device current (id) over
the switching period. Fig. 8 shows the comparison of Eon of
the three normally-off GaN devices for Rg(on) = 5, 20Ω and
a range of load currents. It can be observed from Fig. 8 that
GaN GIT has the lowest Eon among the three normally-off
GaN HEMTs. e-GaN is observed to have slightly higher Eon

than GaN GIT. Moreover, Eon does not change significantly
for both of these devices when Rg increases from 5 to 20Ω.
On the other hand, cascode GaN has the highest Eon, which
also changes significantly with Rg .

2) Comparison of turn-on switching time (Ton): The com-
parison of turn-on switching time Ton of the three normally-
off GaN devices for Rg(on) = 5, 20Ω and a range of load
currents is presented in Fig. 9. As evident, Ton follows the
trend similar to Eon. GaN GIT has the smallest Ton, followed
by e-GaN whereas cascode GaN has the largest Ton. Also,
it can be observed that Ton remains almost invariant with an
increase in I0 for GaN GIT and e-GaN whereas a significant
increase in Ton is observed for the cascode device.

3) Comparison of turn-on (di/dt) ((di/dt)on): Fig. 10
shows the comparison of (di/dt)on of the three normally-off
GaN devices for Rg(on) = 5, 20Ω and a range of load currents.

Fig. 9: Ton time comparison [400V ]

Fig. 10: Turn-on (di/dt) comparison [400V ]

(di/dt)on is computed as 0.8I0/T I
0.1−0.9 where, I0 represents

the load current and T I
0.1−0.9 the time taken by the device

current (id) to reach 0.9I0 form 0.1I0. It can be observed that
GaN GIT has the highest (di/dt) (> 20A/ns at Rg(on) = 5Ω)
which increases considerably with I0 (see Fig. 10).

4) Comparison of turn-on (dv/dt) ((dv/dt)on): Fig. 11
shows the comparison of (dv/dt)on of the three normally-
off GaN devices for Rg(on) = 5, 20Ω and a range of load
currents. (dv/dt)on is computed as 0.8Vdc/T

V
0.1−0.9 where,

Vdc represents the dc bus voltage and TV
0.1−0.9 the time taken

by the drain-source voltage (vBd′s′) to reach 0.9Vdc form
0.1Vdc. Similar to (di/dt)on, GaN GIT is observed to have
the highest (dv/dt)on (> 100V/ns) among the considered
GaN HEMTs, which reduces slightly with I0. A similar
observation is obtained for e-GaN where (dv/dt) is about
60V/ns. Cascode GaN, on the other hand, shows a significant
reduction in (dv/dt) with the increase of I0. (dv/dt)on shows
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Fig. 11: Turn-on (dv/dt) comparison [400V ]

Fig. 12: Id(pk) comparison [400V ]

a good correlation with Rg(on).
5) Comparison of current overshoot (Id(pk)): The com-

parison of current overshoot during the turn-on switching
transition Id(pk) of the three normally-off GaN devices for
Rg(on) = 5, 20Ω and a range of load currents is presented
in Fig.12. Due to higher (di/dt)on, current overshoot of GaN
GIT is also the highest whereas it is lowest for cascode GaN.
Also, Id(pk) reduces with the increase in the Rg(on).

B. Comparison of turn-off switching transients

The turn-off switching transient waveforms obtained for
GaN GIT, eGaN and Cascode GaN are shown in Fig. 16(a),
(b) and (c), respectively for the operating condition [Vdc =
400V,Rg(on) = 10Ω, I0 = 10A]. It can be observed that GaN
GIT and e-GaN show similar switching speeds, whereas the
cascode GaN has the slowest turn-off transitions. A brief com-
parison of turn-off switching losses, times, (di/dt), (dv/dt),
etc is presented as follows.

1) Comparison of turn-off Switching Losses (Eoff ): Fig.
13 shows the comparison of Eoff for GaN GIT, e-GaN,
and cascode GaN for two different values of turn-off gate
resistance Rg(off) = 5, 20Ω and four values of I0. Unlike
Eon, e-GaN shows the lowest Eoff among the three normally-
off GaN HEMTs. On the other hand, cascode GaN has the
highest Eoff . Eoff is observed to increase with both I0 and
Rg(off).

2) Comparison of turn-off switching time (Toff ): The com-
parison of turn-off switching time Toff of GaN GIT, e-GaN,
and cascode GaN in Fig. 14. Similar to Ton, Cascode GaN has
the highest Toff . However, GaN GIT has higher Toff than
eGaN unlike Ton. For all the devices, Toff slightly increases
with Rg(off) whereas it reduces with I0.

Fig. 13: Eoff comparison [400V ]

Fig. 14: Toff time comparison [400V ]

Fig. 15: Turn-off (di/dt) comparison [400V ]

3) Comparison of turn-off (di/dt) ((di/dt)off ): Fig. 15
shows the comparison of (di/dt)off of GaN GIT, e-GaN, and
cascode GaN. It can be observed that (di/dt)off of GaN GIT
and e-GaN are comparable and much larger than the Cascode
GaN. (di/dt)off increases with I0 whereas it reduces with
Rg(off).

4) Comparison of turn-off (dv/dt) ((dv/dt)off ): Fig. 17
shows the comparison of (dv/dt)off of GaN GIT, e-GaN,
and cascode GaN. Similar to (dv/dt)on, GaN GIT is observed
to have the highest (dv/dt)off among the considered GaN
HEMTs. GaN GIT is followed by eGaN and cascode GaN.
(dv/dt)off increases with I0 for GaN devices. However,
(dv/dt)off reduces with the increase in Rg(off).

5) Comparison of voltage overshoot (Vdspk): The com-
parison of voltage overshoot during the turn-off switching
transition Vdspk of the three normally-off GaN devices for
Rg(off) = 5, 20Ω and a range of load currents is presented
in Fig. 18. It can be observed that all the considered devices
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Fig. 16: Comparison of turn-off transient waveforms at [400V, 10Ω, 10A]

Fig. 17: Turn-off (dv/dt) comparison [400V ]

Fig. 18: Vds(pk) comparison [400V ]

have similar voltage overshoots with GaN GIT slightly higher
than other devices. Vdspk is observed to increase significantly
with I0. While almost invariant for GaN GIT and eGaN, Vdspk

reduces with the increase in Rg(off) for the cascode GaN.

V. CONCLUSION

This paper presented a detailed switching transient com-
parison of similarly rated normally-off GaN HEMTs (GaN
GIT, e-GaN, and cascode GaN). The switching transients are
obtained experimentally from the double pulse test. The turn-
on and the turn-off switching transients comparison revealed
the following. (a) Whereas GaN GIT has the best turn-on
loss and time, it experiences significantly higher (di/dt),
(dv/dt), during both turn-on and turn-off transitions, higher
current and voltage overshoots. (b) While e-GaN is observed
to have a moderate performance in turn-on transition, it has the
smallest turn-off loss and time. Its (di/dt), (dv/dt), current
and voltage overshoots are comparable with GaN GIT. (c)
Cascode GaN, on the other hand, has the highest turn-on
loss and time. But, its (di/dt), (dv/dt), overvoltage and

overcurrents are comparatively smaller. Therefore, either GaN
GIT or eGaN can be considered for efficiency enhancement in
power converters. However, at the price of higher slew rates
and overshoots. In contrast, Cascode GaN may be used where
the application requires smaller overshoots and also where
EMI/EMI is crucial and lower (di/dt) and (dv/dt) is desired.
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