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Abstract—The cascode structure is widely used for high-voltage
normally-on GaN devices. However, the capacitance mismatch be-
tween the high-voltage GaN device and the low-voltage normally-
off Si MOSFET may induce several undesired features, such as Si
MOSFET reaches avalanche during turn-off and the high-voltage
GaN device loses zero-voltage switching turn-on condition inter-
nally during a soft-switching turn-on process in every switching
cycle. This paper presents another issue associated with the capac-
itance mismatch in the cascode GaN devices. Divergent oscillation
could occur at high-current turn-off condition and, eventually, de-
stroys the device. The intrinsic reason of this phenomenon is ana-
lyzed in detail in this paper. A simple solution is proposed by adding
an additional capacitor whose position is critical and should be op-
timized. Experimental results validate the theoretical analysis and
show that the proposed method improves device performance sig-
nificantly under high-current turn-off condition.

Index Terms—Avalanche, capacitance mismatch, cascode, diver-
gent oscillation, gallium nitride device.

I. INTRODUCTION

IGH efficiency and high power density are always being

pursued rigorously in advanced power conversions for all
forms of consumer electronics. High switching frequency is the
major catalyst for size reduction, but it is seemly at the detriment
of efficiency when using silicon-based devices. The emerging
gallium nitride (GaN) power devices have a much lower gate
charge and lower output junction capacitance than silicon MOS-
FETs and, therefore, are capable of operating the switching
frequency ten times higher. GaN devices seem to be the game-
changing devices in the applications such as point-of-load con-
verters, offline switching power supplies, battery charger, and
motor drives [1]-[8]. To realize the benefits of GaN devices
resulting from significantly higher operating frequency, a num-
ber of issues have to be addressed, such as converter topology,
magnetics, control, packaging, and thermal management.
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Fig. 1. Cascode structure for a high-voltage depletion-mode GaN device with
all junction capacitances.

The high-voltage GaN devices can be categorized into two
types: enhancement mode and depletion mode. One of the desir-
able features for enhancement-mode GaN devices is gate over-
drive protection. The recommended gate drive voltage is close
to the breakdown voltage, which requires dedicated driving cir-
cuit design to avoid device failure. For depletion-mode GaN
devices, a low-voltage Si MOSFET is typically connected in
series to control the ON—OFF state of high-voltage GaN device,
which is well known as a cascode structure and is shown in Fig. 1
with all junction capacitors been marked [9]. The external driv-
ing circuit is simple with sufficient margin. The evaluations and
applications of cascode GaN have been studied in the literature
[10]-[23]. Compared to the enhancement-mode GaN devices,
the cascode GaN devices have smaller turn-off loss at higher
current condition due to intrinsic current-source turn-off mech-
anism [14], [15]. This feature makes cascode GaN devices very
attractive in pulse-width-modulation converter with high turn-
off current applications, such as totem-pole bridgeless PFC [6],
[21].

In the cascode configuration, interaction between the two de-
vices may result in instability due to the large package parasitic
inductance [24]. An advanced package method, such as chip-on-
chip technique, can dramatically reduce the package inductance
and avoid instability [10], [23]. On the other hand, junction ca-
pacitances of the two devices also play an important role in the
dynamic performance of the cascode device. The capacitance
charge of high-voltage GaN device is typically larger than that
of the low-voltage silicon MOSFET. Capacitance mismatch be-
tween the high-voltage GaN and the low-voltage Si MOSFET
may induce several undesired features, such as Si MOSFET
reaches avalanche during turn-off transition in every switch-
ing cycle, and the high-voltage GaN switch loses zero-voltage
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switching (ZVS) turn-on internally even when a ZVS technique
is applied [22]. These issues can be solved by adding an ad-
ditional capacitor in parallel with the drain—source terminals
of Si MOSFET to compensate the capacitance mismatch [22].
This solution may slightly increase the turn-off switching loss,
but, in general, the switching loss is negligible due to intrinsic
current-source turn-off mechanism.

This paper presents another issue related to the capacitance
mismatch in the cascode GaN devices, which would cause de-
vice and circuit failure. The parasitic ringing during turn-off
transition may trigger the GaN device to internally turn ON at
high-current condition. The parasitic resonant impedance net-
work changes when GaN is turned ON, and it absorbs more en-
ergy from source. The resonant amplitude gradually increases
and becomes divergent oscillation. This phenomenon may result
in the cascode GaN device and other circuit components fail-
ure. This failure mode can be theoretically avoided by the same
method proposed in the literature [22]. However, the packaging
of the additional capacitor is critical to the failure. The detailed
illustration of the divergent oscillation is presented in Section II.
The analysis of different packaging impacts on the failure mode
is presented in Section III. Finally, the theoretical analysis is
validated by experimental results shown in Section IV. It is
worthwhile to point out that the theoretical analysis and the
proposed solution are applicable to all kinds of cascode devices.

II. ANALYSIS OF DIVERGENT OSCILLATION ISSUE

To better understand the divergent oscillation issue, Si MOS-
FET avalanche and GaN internally turn-on mechanism in the
cascode device with capacitance mismatch should be briefly re-
viewed first. A boost converter is used as an example, which is
shown in Fig. 2. The bottom switch is the cascode GaN device.

A. Si MOSFET Avalanche and GaN Internally Turn-On
Mechanism in the Cascode Structure [22]

The key waveforms of Si MOSFET reaching avalanche dur-
ing turn-off transition is shown in Fig. 3 and the simplified
equivalent circuits are shown in Fig. 4. The turn-off signal is ap-
plied at 7y, and Coss_g; and Cgs_gan are charged up in parallel
by turn-off current flowing through the channel of GaN until
GaN is pinched off at o when Vpg_g; which is also Vg _gan
with inverse polarity reaches —Vry_gan. During stage II (o —f3),
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Fig.3.  Voltage waveforms of a cascode GaN device during turn-off transition
period.
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Fig. 4. Equivalent circuit of turn-off transition period. (a) Stage I: ;2.
(b) Stage II: to—t3. (c) Stage III: t3—t4.

Cphs_gan is charged in series with Coss_g; and C'gs_gan. When
Vbs_si is driven to avalanche voltage Vi at 3, Vpg_gan only
rises up to Vp, which is lower than its steady-state voltage
Vo — V. The amount of charge stored in Cpg_gan during fo—
t3 is defined as Qqr, which is the same with the charge stored
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Fig. 5. Voltage waveforms of a cascode device during ZVS turn-on transition
period.

in Coss_si and Cgs_agan. After £3, Si MOSFET stays in the
avalanche status. Cpg_gan is charged through the avalanche
path independently and the amount of charge during stage III is
defined as mismatched charge Qrrr. This amount of charge flows
through the avalanche path, and it causes additional loss which
is proportional to the mismatch charge, switching frequency,
and avalanche voltage.

The ZVS turn-on transition is the reverse process of turn-
off transition. The key waveforms are shown in Fig. 5 and the
equivalent circuits are shown in Fig. 6. During #y—t1, Cps_gan 18
discharged in series with Cpgg_si and Cgs_gan. When Vpg_g;
decreases to Vrp_gan at f1, Vpg_gan only decreases to Vs.
Total charge being discharged during this period is Qpr, which
is exactly the same as the charge stored during stage II of the
turn-off process. After 71, the GaN switch is triggered to turn
ON internally, and remaining charge Qyr is dissipated through
the channel directly. After all the charge been dissipated, the
remaining external current continues to discharge Cpsg_s; and
Cas_gan to almost 0 V. The waveform of Vg gan makes the
terminal waveform of the cascode GaN device appear to have
ZVS turn-on. However, the majority of the energy stored in
Cps_gan 1s actually dissipated internally due to a mismatch
in charge. This phenomenon always occurs, regardless of what
kind of ZVS techniques are applied. The internal switching loss
is related to the mismatch charge and switching frequency.

B. Divergent Oscillation Issue of the Cascode GaN Device
Under High-Current Turn-Off Condition

The Si MOSFET avalanche and GaN internal switching loss
may increase the additional loss significantly. The divergent os-
cillation caused by the capacitance mismatch may be fatal to the
device and circuit. The key waveforms of divergent oscillation
are shown in Fig. 7 and the simplified equivalent circuits are
shown in Fig. 8.

The turn-off process is the same as mentioned above in
Section II-A. After Si MOSFET reaches avalanche, Vpg_gan
is charged up to Vjcak, and turn-off transition is over. Junc-
tion capacitance resonates with Lp and the initial voltage of
Vbs_can and Vpg_sj is Vjeax and Vy, respectively. The initial
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Fig. 6. Equivalent circuit of ZVS turn-on transition period (a) Stage I: fp—; .
(b) Stage II: 11 —t2. (c) Stage III: to—t3.
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Fig. 7. Key waveforms of divergent oscillation during ringing period after the
cascode GaN device been turned OFF.

oscillation current of Lp is 0 A. Ideal oscillation waveforms are
the dash lines shown in Fig. 7. Detailed operation are described
as follows:

[to—t1]: Lp resonates with two capacitance branches. Branch I is
Cps_can inseries with Cpgg_g; and Cgg_gan- Anequivalent
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lent circuit. (b) t; —f2 equivalent circuit.

capacitance value of this branch C. is shown in (1). Branch
Iis Cgp_gan- The equivalent circuit of this period is shown
in Fig. 8(a). Cps_gan is discharged in series with Coss_s;i
and Cgs_gan by part of the loop inductance current ipp
during this stage, and very similar to stage I of the ZVS
turn-on process shown in Fig. 6(a). State equations of this
period are shown in (2), in which Vpg is the drain—source
terminal voltage of bottom switch and Ry, is the total loop
resistance including on-resistance of top switch and current
shunt. With large enough ringing amplitude, at #; instant,
Vbs_si reaches — Vo _gan, while Vpg_gan only drops AV,
which is smaller than the ideal resonant peak—peak amplitude.
The charge removed in capacitance branch I during this stage
is Qr1, which is the same charge stored during stage II of the
turn-off process mentioned above

(Coss_si + Cas_can) - Cps_gan

C qu — (1)
o Coss_si + Cas_can + Ops_can
dVps .
(Cequ + Cap_can) - % =iLp
t
di . 2
Vin — Lp - stP—lLP'RLZVDs 2)

Vbs = Vap_can-
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[ti—to]: After 11, GaN is internally turned ON and Cpg_gan 1S
bypassed by the GaN channel directly. Therefore, the loop in-
ductance Lp only resonates with branch I C'op_gan and the
resonant structure changes to Fig. 8(b). State equations of this
period are shown in (3). The resonant period reduces due to
smaller capacitance, and characteristic impedance becomes
larger. With the same current and voltage initial conditions
at 11, larger characteristic impedance means larger resonant
amplitude of capacitance voltage. So, the voltage drop of
Vbs increases compared with an ideal case. Vgs_gan re-
mains almost constant during this stage with the same reason
described in [22]. Although Cpg_gan does not participate in
oscillation during [#;—#2], Vbs_can and Vap _gan still satisfy
the Kirchhoff voltage law, which is shown in (4). Therefore,
at 19, i,p reaches 0 A, and Vps_gan reaches the valley point,
which is lower than the ideal case

Cep _GaN - d‘;% =iLp
dipp . @
Vin — Lp - g e - Ry, = Vps
Vbs_can = Vap_can — [Vra_can| = Vbs — [Vrr_can] -
C))

[to—t3]: After to, the next oscillation period starts. The values of
Vbs_si, Vbs_can,and i p at ¢, instant become the initial con-
ditions of the next oscillation cycle. Vpg_g; reaches avalanche
at 13, and the charge stored in Cpg_g,n during this period is
Qir, which is the same as the charge removed during [#,—#; ].

[ts—t4]: Vbg_si stays in the avalanche region and Vpg_gan con-
tinues increasing to the second peak value Vjcak2. Vieak2
should be larger than V},cak, and the resonant current also
increases due to lower voltage initial condition.

[ty—t5]: This stage is similar to stage [fy—t;]. Vps_si and
Vbs_can decrease simultaneously, and Vpg_g; reaches
—VrH_can When Qqp is removed by resonant current at ;.
GaN is internally turned ON again and relatively earlier than
stage [#p—t1 | due to higher resonant current.

[ts—t]: The resonant structure changes to Fig. 8(b) again.
Higher resonant current amplitude results in even lower valley
voltage of Vpg_gan at .

In the following oscillation periods, GaN is internally turned
ON in every oscillation cycle and each turn-on instant moves
earlier compared to previous cycle. The ringing amplitude of
Vbs_can and ipp increase cycle by cycle due to resonant struc-
ture change, and the oscillation eventually becomes divergent.

III. EFFECTIVE SOLUTION TO AVOID DIVERGENT OSCILLATION
FOR CASCODE GAN DEVICES

Based on the analysis above, the fundamental reason of the di-
vergent oscillation issue is the capacitance mismatch between Si
MOSFET and GaN in the cascode configuration. It is triggered
by parasitic ringing at certain amplitude, which is determined
by turn-off current, loop inductance, and junction capacitance.

One way to avoid the divergent oscillation is to parallel RC
snubber circuit to suppress the voltage spike and damp the
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Fig.9. Comparison of simulated results under high-current turn-off condition.
(a) Divergent oscillation @ 30 A without RC snubber circuit. (b) Turn-off current
= 70 A with RC snubber circuit (R = 7.5 2, C = 100 pF).

parasitic ringing, which is acommon practice for devices switch-
ing at high current. Comparison of the simulation results is
shown in Fig. 9. The cascode GaN device simulation model is
provided by Transphorm. It is obvious that the divergent oscil-
lation occurs at 31 A without an RC snubber circuit, while the
devices can safely switch 70 A and above with an RC snub-
ber circuit. The power dissipation on the RC snubber circuit is
around 10 pJ, which is acceptable for the switching frequency
lower than few hundreds of kilohertz.

The power dissipation becomes significant at megahertz fre-
quency range, which requires bulky resistance. Moreover, the Si
MOSFET avalanche and GaN internal switching loss cannot be
solved by adding snubber circuit, which also induce significant
loss at high frequency.

A fundamental solution to compensate the capacitance mis-
match by adding an additional capacitor C'x is proposed in the
literature [22]. The Si MOSFET avalanche and GaN internal
switching loss can be effectively eliminated. This method will
not increase the driving loss and only has very little impact
on the turn-off loss. As mentioned in Section II-A, the total
mismatched charge in the cascode device is Qrr. The required
minimum value of Cx should satisfy the expression as shown
below:

QIII

Cx > ———F———.
X = Vs — Vincan

(&)

Ideally, Vsg_gan is equal to Veox as well as Vpg g; af-
ter capacitance compensation. However, integrating Cx in the
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Fig. 10. Two possible packaging approach with Cx .

cascode package always creates parasitic inductance, which in-
duces parasitic ringing internally. The parasitic inductance and
the position of Cx are critical to achieve optimal performance.
Fig. 10 shows two possible packaging diagrams, which integrate
the capacitor Cx.

The Si MOSFET is on top of GaN switch source pad in
order to reduce interconnect parasitic inductance. The Cx is
on side of GaN switch in packaging A and on top of GaN
switch source pad in packaging B, respectively. As shown in the
diagram of packaging A, one terminal of the external capacitor
Cx is connected to the GaN source pad through Lcx;. The
other terminal is connected to one of the GaN switch gate pad
through wire bonding, and then connected to the source pad of
Si MOSFET through the other gate pad of GaN switch for easy
wire bonding consideration. L¢x 9 is consisted of two parts: one
is the wire between Cx and gate pad, and the other is the two
gate connection inside the GaN switch. Actually, the packaging
A is used to demonstrate the benefits of the proposed solution
in the literature [22]. In packaging B, one terminal of Cyx is
connected directly to the source pad of GaN switch, and the
other terminal is connected to the source pad of Si MOSFET
through Lcx2. The equivalent circuit considering the parasitic
inductance is shown in Fig. 11. The parasitic inductances of
these two packaging approaches are listed in Table I, which are
derived based on Ansoft Q3D FEA simulation. It shows that
packaging B has smaller parasitic inductance.

It is noticed that Vs _gan is the sum of Vpg g and Vi,
which is the voltage across L;, ;. Therefore, the parasitic ringing
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Fig. 11.  Equivalent circuit of two different packaging approaches. (a) Pack-
aging A. (b) Packaging B.

TABLE I
PARASITIC INDUCTANCE OF DIFFERENT PACKAGING

Packaging A Packaging B
Lint 1.0 nH 1.0 nH
L(} X1 1.0 nH N/A
Lcxo 2.1 nH 1.0 nH

on V5q_gan can be significantly reduced by minimizing V7.
The amplitude of V7, is determined by the current flowing
through L;,¢. The two packages put Cx in different positions
and, therefore, result in different current flowing through the
Liy¢. In packaging A, Cx is on the right side of L;,;. During
turn-off transition, ¢,g_1 and i, _o flow through Lj,¢, which
is shown in Fig. 12(a). i,g_; is the turn-off current flowing
through Cop_gan and Cgs_gan-iof_o is the current charging
CX. iog_3 is the current flowing through Si MOSFET branch.
The amplitudes of three current are determined by impedance.
The Cx value is typically much larger than any other junc-
tion capacitance; therefore, ¢,g_o is much higher than i.g 3.
It is worthwhile to point out that Cps_gan is typically much
larger than Cop_gan at high voltage range due to the nonlinear
characteristic of GaN junction capacitances. As a result, i,g 2
is also much larger than 7,g_;. In packaging B, Cx is on the
left side of Li,¢. Only ¢,g_; flows through L;,; during turn-off
period, while i,g o directly flow to the source of Si MOSFET.
An equivalent circuit is shown in Fig. 12(b). It is obvious that
packaging B reduces the current flowing through L, which
induces less voltage drop Vi int.

Moreover, smaller parasitic inductance also helps to reduce
the current flowing through L;,,;. As mentioned above, the cur-
rent distributions of i, _1, %0 _2, and i, _s are determined by
impedance. In the packaging B approach, minimizing Cx and
Lcxo branch impedance increases i,4_o and reduces 7o _1. As
aresult, Vi, is further reduced by inductance reduction.
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Fig. 13.  Prototypes of two different packaging approaches.

Overall, packaging B bypasses the majority of turn-off current
by good position and small parasitic inductance. Smaller V7,
results in smaller resonant amplitude in the GaN gate loop, and
asaresult, Vgs_gan is far from touching turn-on threshold value,
which is the trigger of divergent oscillation. The packaging B
approach is preferred for cascode GaN operating at high current
turn-off condition.

IV. EXPERIMENT VALIDATION AND DISCUSSION

To validate the analysis of divergent oscillation and the
proposed solution for cascode GaN device, two cascode GaN de-
vices are fabricated with the two packaging diagram mentioned
in Section III, as shown in Fig. 13. The 600 V normally-on GaN
switch with 35 A continuous current capability is provided by
Transphorm Inc. The threshold voltage is around -20 V and the
maximum source-gate voltage is around -40 V. Therefore a30 V
Si MOSFET is selected to control the on/off state of the GaN as
well as to protect the GaN gate by clamping the source-gate volt-
age of the GaN to the avalanche value of the Si MOSFET, which
is 30 V. Another criterion for choosing the Si MOSFET is to
minimize the driving loss at high frequency. Therefore the
junction capacitance of this 30 V Si MOSFET is usually much
smaller than the GaN switch. The estimated mismatch charge



HUANG et al.: AVOIDING DIVERGENT OSCILLATION OF A CASCODE GaN DEVICE UNDER HIGH-CURRENT TURN-OFF CONDITION 599

(A) )
100 T T ‘ T T i 1000
80 | - . . l . . - 8“0
VDS
60 | A A 600
a0 [— ips=30A ﬂv Avn“ m 3 r 400
20 I f 200
0 L-AU‘\VA\ U U 0
_20 L i L L l _20“
0 40 80 120 160 200 (ns)
(a)
(A) v)
100 i T ; r T T 1000
80 800
60 1600
40 — I'P—Fl 400
20 200
0 0
220 ' ' ' ' ' ' ' 200
0 40 80 120 160 200 (ns)
(b)
(A) V)
100 1000
80 800
60 600
ips=40A A AL Vos
40 Y T(\, At 400
20 200
=20 -200
0 40 80 120 160 200 (ns)
(c)
Fig. 14.  Experimental results with different packaging approaches. (a) Pack-

aging A and B without C'x . (b) Packaging A with C'x . (c) Packaging B with
Cx.

is about 33 nC, and therefore, a 3.6 nF capacitor is added
according to (5).

The Si MOSFET avoids avalanche and the GaN switch
achieves true ZVS with the additional capacitor. The experi-
mental verification will not be repeated here. The evaluation of
high-current turn-off condition is carried on double-pulse-test
circuit. Input voltage is 400 V. Fig. 14 shows the experimental
waveforms of different packaging approaches. Fig. 14(a) shows

(A) )
60 - - r r 600
50 pey in$=48;A ; J ’ o— 1500
40 AAAAAS 400
30 - Vs 1300
20 | T T 1 1200
10 - t t 1 1 +100
0 t + 0
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Fig. 15.  Experiment with packaging B, without shunt resistance.

Fig. 16. Half-bridge module of cascode GaN devices with the packaging B
approach.
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Fig. 17. Experiment with the half-bridge module of cascode GaN devices

with the packaging B approach.

that packaging A and B without Cx causes divergent oscillation
at 30-A turn-off condition. The packaging A with Cx can
switch to slightly higher turn-off current, but it still causes
divergent oscillation at 33 A turn-off condition as shown in
Fig. 14(b). The major reason is the position of C'x as mentioned
in Section III. The prototype using the packaging B approach
can successfully switch under 40 A turn-off condition without
oscillation as shown in Fig. 14(c).
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It is noticed that the voltage spike is close to 600 V due to
relatively large power loop inductance in order to accommodate
the shunt resistance (SSDN-10, T&M Research Products Inc.)
on the PCB board. The turn-off current can go up to 48 A by
removing the shunt resistance, as shown in Fig. 15. The red curve
is the inductor current. The parasitic ringing period reduces from
12 to 8.5 ns based on Figs. 14(c) and 15. It indicates about 50%
reduction in the power loop inductance by removing the shunt
resistance. The voltage spike is about 570 V.

In order to further reduce the power loop inductance, a half-
bridge module is fabricated, as shown in Fig. 16. The loop
inductance reduces about 50% compared to the one with two
discrete devices. The devices are capable to switch at 54-A turn-
off current, as shown in Fig. 17. The proposed solution of adding
Cx at right position can significantly extend the high turn-off
current capability.

V. CONCLUSION

A cascode structure is widely used for high-voltage normally-
on GaN devices. However, the capacitance mismatch between
GaN switch and Si MOSFET may result in divergent oscil-
lation issue at high-current turn-off condition. The amplitude
of voltage ringing formed by loop inductance and junction ca-
pacitance may exceed the threshold and trigger GaN internally
turn-on mechanism during ringing period after cascode device
is turned OFF and, therefore, leads to a divergent oscillation.
Adding an additional capacitor C'x in parallel with Si MOSFET
can compensate the mismatched charge and solve the problem.
Considering all the parasitic inductances induced by adding C¥x,
the position of Cx is critical to achieve optimal performance.
Experimental results validate the theoretical analysis and effec-
tiveness of the proposed method. The proposed method extends
the high-current turn-off capability and improves device perfor-
mance significantly.

It is worthwhile to point out that the theoretical analysis and
the proposed solution are applicable to all kinds of cascode
devices.
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