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Abstract—Crosstalk is an issue in wide bandgap power elec-
tronics circuit design due to fast switching. The outcomes such as
instability and additional power looses have been well studied and
analysed in literature. However, the bridge-leg shoot-through due
to crosstalk, especially the switching current overshoot of GaN-
HEMT has been little studied. Therefore, in this paper, the origin
of the switching current overshoot of a GaN-HEMT half-bridge
circuit due to both switching speed and circuit shoot-through are
analysed. The influence of the parameters such as turn-ON gate
resistance, turn-OFF gate resistance, device threshold voltage and
circuit parasitic inductance on switching current overshoot are
analysed and verified by simulation. Experimental measurement
further confirms the simulation results of the influence of turn-
OFF gate resistance on switching current overshoot. It is shown
that in order to mitigate the shoot-through issue and reduce the
switching losses, an optimised Ls is needed rather than a small
value.

Index Terms—GaN-HEMT, switching, half-bridge, simulation,
parasitic inductance.

I. INTRODUCTION

With low power losses and high switching frequency, gal-
lium nitride (GaN) high electron mobility transistors (HEMTs)
have received increased research interest for their applications
in power electronics converters to achieve high efficiency and
power density [1], [2].

However, voltage and current switching transients (% and
%) of GaN are fast. As a result, there are several issues
such as switching voltage and current overshoot and sustained
oscillation, that are usually challenging power electronics
engineers when designing GaN power electronics converters.

Voltage overshoots are the most obvious consequence of
these fast switching transients, and a large corpus of research
has addressed their origin and mitigation solutions [3]. By
contrast, there is little research reported to investigate the
switching current overshoot. Unlike switching voltage over-
shoot, a high switching current spike may not break down
power semiconductor devices immediately, but it will still
impact devices power losses [4] and long-term reliability due
to current stress [5].

Sustained oscillation, which leads to bridge-leg crosstalk
and shoot-through, is another challenge to prevent the wide
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adoption of wide bandgap power semiconductor devices.
Power electronics circuits instability and additional losses
due to bridge-leg crosstalk has been studied and analysed
in [6]-[8]. To detect and model crosstalk issue, gate voltage
is usually analysed and its amplitude and oscillation are
used as an indicator to detect shoot-through [9], [10]. Thus,
several approaches have been found in literature to tackle the
challenge. For example, Zhou et al. proposed a circuit design
to reduce the mutual coupling effect between gate and power
loops, which helps to alleviate the crosstalk [11]. Zhang et
al. proposed an intelligent gate driver to actively control gate
voltage and gate loop impedance to suppress crosstalk [12].

In this paper, other than sustained oscillation, it is found
that bridge-leg crosstalk and shoot-through also contributes to
GaN power converter switching current overshoot, which is
less studied in literature. Furthermore, the existing methods to
analyse crosstalk from the above literature mainly focus on
circuit parasitic inductance [6] or device non-linear junction
capacitance [10]. As GaN power transistors suffer from thresh-
old voltage Vi, instability issue due to current collapse [13],
Vin instability will also contribute to bridge-leg crosstalk
during device switching. Therefore, the paper will analyse
the relation between switching current overshoot and Vi
instability, which offers a more comprehensive understanding
of the phenomenon than existing literature.

The paper is organized as follows: Section II analyses the
switching transients of GaN-HEMT in a half-bridge layout.
Afterwards, Section III validates the theoretical analysis by
circuit simulation. Following that, Section IV presents the
experimental measurements to verify the simulation. Finally,
the paper will be concluded.

II. CURRENT OVERSHOOT ANALYSIS
A. Due to switching speed

Fig. 1(a) shows a typical GaN-HEMT half-bridge circuit,
which is mainly formed by two GaN-HEMTs (77 and T%)
and their gate driver circuits. Different external gate resistors
(Rg,on and Rg o) are used to control turn-ON and turn-OFF
switching speed separately. An inductive load is connected in
parallel with the high-side transistor 7. Parasitic inductances
Lp, Lgi, Lge, Ls1 and Lgo represent the lumped values
of the power loop, high-side gate driver loop, low-side gate
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Fig. 1: GaN-HEMT half-bridge circuit and 75 turn-ON switch-
ing waveform

driver loop and the common source inductance between power
loop and two gate driver loops respectively. Ip and Vp,g,
turn-ON switching waveforms of the transistor 7, are shown
in Fig. 1(b), where Ip rises first to reach the load current
value I between t;-t and then Vp,gs, falls from ta-t3.
During the falling stage of Vp,s,, an overshoot of Ip is
presented. As GaN-HEMTs have no body-diode, there is no
reverse recovery charge [14], therefore the existing research
knowledge point that current overshoot is mainly due to the
Coss charging current of the high-side transistor 77 and the
parasitic capacitance Cf, of the load. Their contribution to the
current overshoot can be described by:

dVp,s,
Ip— I = (%ﬁ&)% (1)

Eq. 1 reveals that the current overshoot will be determined
primarily by turn-ON switching speed d};‘zs, which is further
influenced by the external gate resistor Rgp on. Circuit parasitic
inductance such as Lp and Lsp will also play a role on
turn-ON switching speed, and there are already a number of
publications from the literature to quantify their influence [9],

[15], so the analysis will not be repeated here.

B. Due to shoot-through

Fig. 1(c) illustrates the circuit model of 7; switching tran-
sients when 75 is switching ON. During the falling of Vp,s,,
Vb,s, is rising (Vp,s,~Vpbc-Vb,s,). Therefore, the charging
current of capacitor Cg,p, may flow to Cgs,, increasing Vg, s,
which may exceed the threshold voltage Vin; of 77, and there-
fore cause a shoot-through of the half-bridge circuit during the
switching. Although half-bridge shoot-through (crosstalk) has
been extensively studied in literature [6]-[10], the reported
results are mainly focused to understand the root cause of
circuit instability. Indeed, Videt et al. revealed a gate source
boundary voltage VG"g“ during 77 switching [13]. When Vs,
surpasses VG'ig‘ during switching, sustained oscillation happens
which causes instability issue. It should be noted that Vir
is not simply the value of V;,;, and we need to combine
the circuit impedance and transistor non-linear capacitances
to determine its value. When Vg5, is smaller than VI
during switching, the oscillation dampens, but Vg, s, may still
surpass Vih1, and therefore causes a shoot-through of the half-
bridge circuit. The shoot-through will no doubt impact on
the switching current overshoot, which is not well reported
in literature, but will be extensively studied in the paper.

Following equations (2)-(5) are applied to analyse the
increase of Vg,s, during 75 turn-ON switching.

dV;
ICG1D1 = CGlDl thlSl (2)
dp,s
Icp,s, = Cbys,— g 3)
dVg,s,
Ices, = Casi—o )
dICDlsl + CIICGIS1 dICG101 dlc'clsl

+RG1,ofF<Icch1 - ICG151)

By combining the above equations together and applying
the condition that Icy,, > Icgs, €q.(5) can be further
transferred into eq.(6) using Laplace transform:

Rcioft + 5 (LG1 — Ls, Cors, )

Cs,p,

=1
Caniy 4 SRe1,0fCa,s, + S2L,Ca,s,

It implies that gate driver circuit impedance (Rg1,off, Lc1
and Ls;) can all influence on Vg,s,. Furthermore, as GaN-
HEMT has threshold voltage instability issue due to trapped
charge [16], Viy1 will also impact on circuit shoot-through
together with the gate driver circuit impedance.

To summarise, the switching current overshoot of the GaN-
HEMT is due to both the device switching speed and the shoot-
through of the half-bridge circuit. Therefore, the influence
of all of the above discussed parameters ([2g2on, F2G1,0ff>
Vini, Ls1 and Lgi) on switching current overshoot will be
comprehensively studied and verified by simulation in the next
section.

Vaus, (6)
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Fig. 3: Comparison between the model and datasheet value
for GaN-HEMT (GS-065-030-2-L)

III. SIMULATION VERIFICATION

A. GaN-HEMT transistor and circuit model

A GaN-HEMT (GS-065-030-2-L, 650V/30A) compact
model based on behavioural equations [17] was built in
LTSpice to verify the variation of each parameter on switching
current overshoot. The comparison between the model and
datasheet values are shown in Fig. 3, where the output char-
acteristics, and inter-electrode capacitance are all modelled
accurately.
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Fig. 4: Investigation of Rgy o on switching current overshoot
in simulation

A half-bridge circuit was also built and different steps to
simulate GaN-HEMT switching waveforms are illustrated in
Fig. 2. First, the PCB was imported into Ansys Q3D, which
generated an equivalent circuit. Then, by using the proposed
GaN-HEMT compact model, device switching transients can
be obtained in LTSpice. The circuit lumped parasitic in-
ductance values (including both self and mutual inductance)
are: Lp=18.9nH, Lg1=6.4nH, Lgy=7.5nH, Ls;=0.1nH and
Ls»=0.47nH.

The initial simulation conditions are: V; =400V,
Iy =12A, Rgion = Reiof = Re2,on = Re2of = 3380,
Vint = 1.25V, and Vi = 1.5V. Because 77 and T, have
different trapping effect in a half-bridge layout [16], which
results in different V4, values, and we consider this difference
in the simulation.

We will then vary the discussed parameters in the simu-
lation and demonstrate their influence on switching current
overshoot.

B. Rgi1,off

It is illustrated in Fig. 4 the switching waveforms under
different Rgy off. The increase of gy off does not impact on
%. However, Ip current overshoot amplitude largely increases
when Rgp o increases. As shown in Vg,s,, the peak Vg5,
voltage increases above the transistor 73 threshold voltage
(Vin1=1.25'V), which indicates that there is a shoot-through of
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Fig. 5: Investigation of g2 on On switching current overshoot
in simulation

the circuit during turn-ON switching. The peak Vg s, voltage
decreases from 1.86V to 1.6V when Rgioff changes from
330 to 19, which explains the decreases of Ip current
overshoot amplitude.

The charge Q¢ due to 77 Cyes and Cp of load is 63 nC
when the switching voltage is 400 V. The current overshoot
charge (), obtained in the simulation are 108 nC, 206 nC and
360nC when Rgyofr is 1€, 1082 and 33€). Therefore, by
comparing (), with Q)c, we can determine whether there is a
shoot-through of the bridge-leg during switching.

C. RG2,on

When Rgyofr is 1€, the relation between Rgoon On Ip
current overshoot is further investigated and the result is
presented in Fig. 5.

The decrease of Rgo on increases the % and thus increases
Ip switching current overshoot amplitude. With regards to the
Q) it increases slightly to 122nC and 139nC when Rz on
is 102 and 1€). By comparing with previous result, it is
found that the change of Rgpon is less sensitive than Rgi off
to influence on Q).

D. Vi

It is illustrated in Fig. 6 the switching waveforms under
different Vih1. Vini needs to be considered here as it is likely
to shift due to accumulated stress of Vp,s, in power converter.
As Rgioff, the increase of Vin; does not impact on %, but
reduces the amplitude of Ip current overshoot.

With regards to the @)y, it decreases to 237 nC and 177 nC
whenVipg is 1.4V and 1.5 V. It implies that a higher V;;, value
(due to GaN-HEMT trapping) helps to mitigate the issue of
shoot-through of the circuit during turn-ON switching.

E Lg

It is illustrated in Fig. 7 the switching waveforms under
different Ls;. The increase of Ls; does not impact on %, but
reduces the amplitude of the Ip current overshoot. As a result,
@), decreases to 245nC and 178 nC when Ls; is 0.5nH and
0.8nH.

A higher Ls; value results in a higher voltage drop across
it due to Cps charging current, which further prevents the
flowing of C¢p charging current through Cgs, and reduces the
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Fig. 6: Investigation of the variation of Vi, on switching
current overshoot in simulation
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Fig. 7: Investigation of the variation of Ls; on switching
current overshoot in simulation

increase of Vgs during turn-ON switching. It is worth noting
that Ip current overshoot is very sensitive to Ls; value, as
each 100pH increase of Ls; results in a reduction of 2A peak
current value. It is also shown in the result that it exists an
optimised value of Ls; to prevent bridge-leg shoot-through, so
the common sense that Ls; should be minimised cannot help
to mitigate the issue in this case.

F L¢;

As shown in the result of Fig. 8, there is little influence
of Lgi1 on switching current overshoot amplitude. This is
because as presented in eq.(6), the change of Lg; appears in
both nominator and denominator, which counteracts the overall
action on Vg, s, voltage. As a result, ()i, varies only 21nC when
Ly changes 2nH.

G. Shoot-through mitigation

Based on the above analysis, it is found that a small
Rcioff and an optimised Ls; tends to decrease (), and
therefore prevents the bridge-leg shoot-through. It is illustrated
in Fig. 9 the switching waveforms under different Ls; when
R0 =152

As shown in Vg;s,, the peak Vg,s, voltage is below tran-
sistor 77 threshold voltage (Vih1=1.25V) when Ls; is 0.7nH
and 1nH. As a result, Ip switching waveforms are identical
under the two Ls; values, and therefore same (), value of
61 nC is obtained, which is approximately equal to the charge
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Fig. 9: Investigation of the variation of Ls; to mitigate bridge-
leg shoot-through in simulation

of Coss and C| (Qc=63nC). It confirms that the bridge-leg
shoot-though is mitigated.

It should be noted that even though a big Ls; helps to
mitigate bridge-leg shoot-though, however, it increases the
VG,s, resonance negative amplitude, which may worsen the
gate reliability of the transistor. For this reason, Ls; should
be optimised rather than blindly selected in the design.

In the next section, the above analysis and simulation
results of Rg1 o on Ip switching current overshoot will be
experimentally validated.

IV. EXPERIMENTAL VALIDATION

A. Experimental setup

The half-bridge circuit illustrated in Fig. 1 was built to
measure both the Vps and Ip switching waveforms via double
pulse test. The experimental setup of the GaN-HEMT half-
bridge circuit is shown in Fig. 10. A co-axial 1.2GHz current
shunt (SSDN-414-025) is used to measure Ip switching cur-
rent and a 200MHz differential voltage probe (THDP0200)
is used to measure Vps switching voltage. Here, a differential
voltage probe is preferred because it avoids the issue of ground
connection, even though it has less bandwidth and longer leads
than a passive voltage probe. Finally, A 1GHz oscilloscope
(MSO58B) is used to record the measurement waveform.
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Fig. 11: Comparison between the simulation and measurement
on Ip switching current overshoot

TABLE I: Comparison of ()j, between simulation and exper-
iment measurement

Test condition Simulation  Experimental measurement
Rg1,0n = Rg1,0f=33§2 360nC 334nC
Rg1,on = Rg1,0=10Q2 123nC 118nC

B. Experimental results

The experimental measurement was carried out when both
RG1,0n and Rgy off are 10 Q2 and 33 €, in which the comparison
between the measurement and simulation is presented in
Fig. 11.

It is clearly shown in the experimental results that the
increase of Rgi off does not impact on %, but largely increases
the amplitude and charge of the Ip current overshoot, which
confirms the above analysis. The simulation of the Ip switch-
ing waveform accurately matches the experimental measure-
ment results. The comparison of (), between simulation and
experiment measurement is presented in TABLE I, where the
charge of the current overshoot is accurately modelled and it
verifies the above simulation results of a half-bridge circuit
shoot-through during turn-ON switching of the GaN-HEMT.



V. CONCLUSIONS

In this paper, GaN-HEMT switching current overshoot has
been thoroughly investigated in a half-bridge circuit layout.
Two origins due to the switching speed and shoot-through are
identified, and the influence of the parameters such as turn-
ON gate resistance %G on, turn-OFF gate resistance Rg off,
device threshold voltage Vi, common source inductance Lg
and gate loop inductance Lg on switching current overshoot
are analysed and verified by simulation. It is shown that
shoot-through can be mitigated by using a small g o and
an optimised Ls. Experimental measurement further confirms
the simulation results of the influence of Rg o on switching
current overshoot.

The proposed work can help designers to better analyse
switching waveforms and optimise the circuit design of GaN
power transistors. It should be noted that one common sense
to design GaN switching circuit is to minimise Ls. However,
this is not true in the case of switching current overshoot, as
it is shown that a small Lg indeed increases the overshoot
amplitude and charge. In order to mitigate the issue, an
optimised Ls is needed rather than a small value.
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