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Abstract—A three-level gate driver and a power GaN HEMT
were integrated on a monolithic chip by an Enhancement-mode
GaN-on-SOI process. The chip realises high speed switching and
effective three-level gate driving without any external negative
power supply. However it has a problem of low heat dissipaton
in continuous operations because of the BOX layer and the
deep trenches for isolating power devices. Then, the IC was
implemented in a C-QFN package and evaluated the tolerance for
continuous operation with measuring the case temperature. The
measurement result shows that the GaN IC can safely operate
continuously in condition of the storage temperature below 64°C.
We attempted to design a small and high power density converter
using the fabrication chip.

Index Terms—GaN HEMT, monolithic integration, GaN-on-
SOI, heat dissipation, continuous operation, downsize, power
density

I. INTRODUCTION

Gallium Nitride High Electron Mobility Transistors (GaN
HEMTSs) have attracted attention as one of next-generation
power devices. They can realize high frequency operation
of power converters and downsizing passive components and
heat radiators because they have a high performance for fast
switching and high temperature tolerance [1]-[3]. Although,
due to the low threshold voltage and high switching speed
of GaN HEMTs, the false turn-on phenomena and reverse
conduction loss are more serious than Si devices [4]-[6].

The 3-level gate driving method is an effective breakthrough
to suppress false turn-on phenomena with minimizing the
reverse conduction loss [7], [8]. We have proposed a 3-level
gate driver circuit without any negative voltage sources and
integrated it with a power GaN HEMT on a monolithic chip
[9]. The chip was fabricated in an enhancement-mode GaN-
on-SOI process with deep trench, which is promising for
improving the performance of all-GaN power IC from the
GaN-on-SI process [10]-[13]. However, in the GaN-on-SOI
process, the BOX layer and the deep trench isolation suppress
heat dissipaton of devices more than GaN-on-SI [14] and may
result in breakdown from over-heating.

To realize a high power density converter with the GaN IC,
we aimed to apply a countermeasure against heat-generation
and evaluate the tolerance and practicality of the GaN IC for
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continuous operation. Moreover, we designed a small and high
power density converter after the evaluation.

II. THE PROPOSED GAN IC

Fig. 1 shows the 3-level gate driver circuit and Fig. 2 shows
the GaN IC chip. The components except for M6 (p-MOS) and
CSUB are integrated on the chip. An external discrete p-MOS
device is used as M6. This chip was fabricated on a GaN-on-
SOI substrate using an Enhancement-mode p-GaN technology
and deep trench isolation, and the source pins are connected to
the substrate with power metal wires. Fig. 3 shows an example
of the cross section of two isolated GaN HEMTs. Therefore,
all components of the GaN IC can be driven as a standard
discrete n-MOS. The fabricated chip size is 3.3 mm X 1.9 mm
and the chip is implemented in a C-QFN package as shown
in Fig. 4.

Because each device on the GaN IC is isolated by deep
trenches and have a BOX layer in the substrate, thermal
resistance of device-to-device or device-to-substrate is higher
than GaN-on-SI and each device easily accumulates Joule
heat. Therefore the heat dissipaton of GaN HEMTs fabri-
cated by the GaN-on-SOI process is less than GaN HEMTs
fabricated by the GaN-on-Si process [14]. This problem is
particularly prominent in the M1 power GaN HEMT applied
in main circuits of the power converter. In this work, some
measurements and evaluations focused on M1. The GaN IC
was operated being air-cooled by an aluminum heatsink with
thermal conductive double-sided tape (the thermal conductivity
is 0.8 W/m -K). To acquire the performance of this heat
dissipation system, we verified the thermal resistance between
the storage of the GaN IC and ambient air.

III. MEASUREMENT RESULTS

In this section, the correlation between the storage tempera-
ture and calorific values of M1 are mainly evaluated to verify
the safety range of continuous operation in terms of the storage
temperature.

A. Circuit for Measurement

To simply evaluate the continuous operation tolerance of
M1, the power GaN HEMT, we implemented the GaN IC



Gate Drain

M1

TTI
T T

o
GM3  |be M3
i

l—l Source
<
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Fig. 4: GaN IC implemented in C-QFN package.

into a typical asynchronous buck converter without M4 and
external p-MOS M6. M2 and M3 were used to drive the M1
gate because the M1 GATE terminal is for the purpose of
gate voltage measurement. M5 is always in on-state in order
to short the M1 source and the M3 source terminals. Then, the
GaN IC’s internal circuit and M1 driving circuit are expressed
as the circuit shown in Fig. 5. In this work, the M2 source
and the M3 source are floating because M1 is the high side
switch of the buck converter. Therefore, the bootstrap circuit,
which is composed of two Schottky barrier diodes (ROHM
Semiconductor, RB168MM150TFTR) and three capacitors, is
applied for M2, M3 and the whole phase leg. C1 is 1 uF,
and C2 and C3 are 100 nF. The pre-driver for M2 and M3
is an isolated gate driver IC (Silicon Labs, Si8274GB). The
high/low side drivers synchronize with an input PWM signal
and they have 20 ns deadtime.

Fig. 6 shows the schematic of the buck converter for
evaluating the GaN IC. The constant parameters of this circuit
are shown in TABLE I. Output current [, and switching
frequency f., are parameters used to change the measuring
condition. To decide the range of these parameters, we verified
the GaN IC’s breakdown point with some variety of output
current of the buck converter by measuring the GaN IC storage
temperature. To measure in stable conditions, the GaN IC
storage temperature was measured after 5 minutes operation.
First, output current range was checked with 1 MHz switching
frequency. TABLE II shows that the GaN IC was broken at
3.0 A output current. When the GaN IC was broken, the
duration of continuous operation was less than 10 seconds

Fig. 2: GaN IC chip on which Fig. 1
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Fig. 3: Cross section of two isolated
HEMTs by GaN-on-SOI process [13]
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Fig. 5: Gate driver circuit for M1

TABLE I: Circuit parameters of the buck converter

[ Circuit parameter [ min. | typ. | max. | Unit |

Input Voltage Vi - 48 - \%
Output Voltage Vout - 12 - \%
Input Capacitance C} - 9.6 - uF
Output Capacitance Cout — 13.7 — uF
Inductance L - 22 - uF
Output current Tout 0.24 - 2.0 A
Switching Frequency fsw 1.0 - 2.0 MHz

(the exact value of duration and the storage temperature could
not be acquired). Therefore, the GaN IC storage temperature
went below 64°C. In a similar way, the range of switching
freuency was decided with output current fixed to 1.0 A. In
condition of fiw = 2,0 MHz, the storage temperature rose
upto 61°C which is safe temperature for the GaN IC.

TABLE II: Breakdown Point Verification Result

[ Output Current [ GaN IC Temp. |

0 A (idle) | 30°C
024 A | 37°C (4+7°C)
1.0 A | 46°C (+16°C)
20A | 64°C (+34°C)
30 A (breakdown)
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Fig. 6: Buck converter for evaluating the GaN IC

B. Heat Generation Model

In an asynchronous buck converter, heat generation at the
high side switch is caused by conduction loss and switching
loss. Ideal waveforms of Vpg and Ip at the high side switch
is shown in Fig. 7. Based on the waveforms of Vpg and Ip,
conduction loss P, and switching loss Pk, are approximately
given by the following equations.

A2\ V.
Pco = Ron I2 L out 1
( out + 12 ) VI ( )
1
Psw - E(ILvtfall + ILptrise)‘/infsw (2)

Because this test circuit has no internal current prove points,
AlIL, could not be measured. Then the following equation was
used to acquire Aly,.

V:)ut)
Lfsw Vvin

V:)ut (V;n -

Al = 3)

C. Measurement and Evaluation

1) M1 on-state resistance Ro,: As shown in Fig. 7, Roy
can be calculated from the on-state mean value of Vpg and
Ioyt- Then we acquired R, from waveforms of Vpp and
Vsg in the condition of I,y = 2 A and fs = 1 MHz. The
waveforms are shown in Fig. 8 and the mean value of on-state
Vps is 150 mV. Then, R, is 75 mf).

2) The GaN IC storage temperature: The total calorific
value of the GaN IC F,, and the storage temperature 7§
were measured with I, and fs, varied as shown in TABLE
III. The Ty values in the brakets mean increments from
the idle temperature (30°C). Fig. 9 shows the correlation
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Fig. 7: Ideal waveforms of Vpg and Ip at high side switch
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Fig. 8: Waveforms of Vpp and Vgg

between T increment and P,,. The gradient of the linear fit
is 0.136, that means the storage-to-ambient thermal resistance
Oca is 136 K/W in this system. However, the maximum
junction temperature T} ., and the junction-to-storage ther-
mal resistance 65 are also needed to measure the maximum
operation area. To measure Tj .y, accurate breakdown T} of
the GaN IC should be verified with the chip implemented
in an unsealed package and with 7} slowly raised up. For
example, the conduction loss at I,y = 0.24 A is 1.2 mW.
It can realize a slow temperature increment despite the high
thermal conduction between the bare chip and ambient air. On
the other hand, 0;s is given by the following equation using
T},maXv Tc,maXv Prax and eca =136 K/W

Trnx_Tsmx
ejs: = aP e “4)

To measure 6;s, the breakdown storage temperature T a5 and
the load power P, ,x using the C-QFN package should be
verified in a stable condition. In this case, a linear regulator
using the GaN IC is a simple and efficient method because it
can load any power to M1 without some complicated circuits
or controls.



TABLE III: Measured parameters teai, trise, 1s and Calculated parameters AlL, Peo, Pow, Phg

[Tout AT | Jow IMHZ] [ fran [05] | frise (5] | ATy, [A] | Poo MW] | Paw MW | Pag mW] | 75 [°CT |
10 18.52 457 0.409 134 215 229 37 &)
0.24 15 2244 362 0273 1.20 487 499 40 (+10)
2.0 24.33 4.60 0.205 I.15 787 79.9 34 (+14)
10 6.49 474 0.409 19.0 87.0 106 46 (+16)
12 6.56 373 0341 18.9 105 124 48 (+18)
L0 4 6.70 374 0.292 8.9 125 144 52 (+22)
' 16 6.78 469 0.256 8.9 143 162 55 (+25)
13 6.96 431 0.227 183 166 185 58 (+28)
2.0 7.01 334 0.205 183 186 205 61 (+31)
[ 20 [ 10 ] 358 | 533 | 04090 | 753 | 145 | 221 | 64 (434 |
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Fig. 9: Measurement result of 7 increment and P

TABLE IV: Modified circuit parameters of the buck converter

[ Circuit parameter [ Value | Unit |
Input Voltage Vin 48 \
Output Voltage Vout 12 A\
Input Capacitance [@ 4.4 uF
Output Capacitance Cout 40.8 uF
Inductance L 33 uF
Typ. Output current Tout,typ 2.0 A
Typ. Switching Frequency fsw,typ 1.0 MHz

IV. DOWNSIZING THE CONVERTER

In the previous section, we verified that the GaN IC can
continuously operate for minutes in the limited condition. Then
we designed an asynchronous buck converter using the GaN IC
with the operation condition and the optimised circuit parame-
ters. This attempt aims to downsize the converter used for the
previous measurement and realize a small and high density
power converter. Modified circuit parameters are shown in
TABLE IV and a manufactured board is shown in Fig. 10.
The low side switch Schottky barrier diode was changed to
NRVTS360ETFS (ON Semiconductor). The thickness of the
main circuit is 8.1 mm then the volume of main circuit is
1.86 cm?. Therefore, this circuit achieves 12.9 W /cm? power
density in the condition of I, = 2.0 A.

Because the rise-time ¢, and the fall-time t¢¢,;; of the
modified circuit were shorter than the measurement circuit
as a secondary effect of changing the circuit parameters
and components, the circuit became able to safely operate
upto fow = 1.4 MHz at I,y = 2.0 A according to the
calculated value of Pj,. Moreover, the circuit could operate

17.0 mm

Fig. 10: Modified buck converter board
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Fig. 11: Power conversion efficiency with fg, varied

up to fsw = 2.0 MHz at I,y = 2.0 A. TABLE V shows the
parameter settings and the acquired parameters in the CCM
measurement of the optimised circuit.

Fig. 11 shows the measurement result of the power con-
version efficiency at I,y = 1.0 A with f;, varied from
1.4 MHz to 2.0 MHz and at I, = 2.0 A with fg, varied
from 1.0 MHz to 2.0 Mhz. In this range of I,y and fsy, the
power conversion efficieny was approximately from 88.8% to
89.6% and has negative correlation to the switching frequency
because switching loss is propotional to switching fregency.
However the transition is non-linear because of AIr,, teal, trise
and other power losses which were not measured such as the
loss from charging the parasitic capacitance of M1, the reverse
recovery loss of the Shottky barrier diode, the conduction loss
of the inductor and etc.



TABLE V: Parameter settings, measured parameters tg.1, trise and calculated parameters Aly,, Peo, Psw, Phg for the optimised

circuit

[Tout (AT | fow IMHz] [[ Egan [05] | frise (5] | ATy, [A] | Peo [MW] | Pew [MW] | Pig [mW] |

1.4 3.36 2.68 1.95 24.7 60.2 84.9

1.0 1.6 3.61 2.70 1.71 23.3 70.8 94.1
’ 1.8 3.79 2.76 1.51 22.3 83.1 105
2.0 4.01 2.82 1.37 21.7 96.3 118

1.0 2.27 2.79 2.73 86.6 86.6 173

1.2 2.39 291 2.27 83.1 107 191

20 1.4 2.47 3.00 1.95 80.9 128 209
’ 1.6 2.54 3.07 1.71 79.6 149 229
1.8 2.60 3.41 1.51 78.6 182 261

2.0 2.76 4.06 1.37 77.9 232 310

V. CONCLUSION

In this paper, the tolerance for continuous operation of
our proposed GaN IC was evaluated with the GaN IC ap-
plied in an asynchronous buck converter. From the result
of breakdown point verification, the safely operation area
of the storage temperature was below 64°C. To acquire the
storage temperature and the calorific value of the GaN IC
in the stable condition, they were measured after the buck
converter operated continuously for 5 minutes. To change the
calorific value of the GaN IC, the output current [, and the
switching frequency fs,, were varied. The correlation between
the calorific value and the storage temperature shows that the
thermal resistance between the GaN IC storage and ambient
air O, is 136 K/W. This parameter is useful to design the
heat dissipation equipment for some converters using the GaN
IC. However, the junction-to-storage thermal resistance 0js is
needed to estimate the maximum operation area of the GaN IC.
Moreover, the GaN IC could realize a small and high power
density converter with the optimised circuit parameters. The
volume of the main circuit is 1.86 cm?®, the power density
was 12.9 W/ cm? at Iy = 2.0 A and the power conversion
efficiency was approximately from 88.8% to 89.6%.
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