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Monolithic integration of gate driver and p-GaN power HEMT for
MHz-switching implemented by e-mode GaN-on-SOI process
Yuki Yamashita1a), Steve Stoffels2, Niels Posthuma2, Karen Geens2, Xiangdong Li2,3, Jun Furuta1a), Stefaan Decoutere2

and Kazutoshi Kobayashi1a)

Abstract Reducing parasitic coupling components can improve switching
performance in electric circuits. A two-stage gate driver and power
Gallium Nitride High Electron Mobility Transistors (GaN HEMT) were
monolithically integrated for MHz-switching. The monolithic integration
improves switching performance owing to minimized parasitic inductance.
The proposed GaN-IC was fabricated using an enhancement-mode GaN-
on-Insulator process technology. Experimental results showed that the
GaN-IC had faster transition and less energy loss than a conventional circuit
using a discrete gate driver. The proposed GaN-IC reduced switching time
by 86% at turn-off and by 45% at turn-on under off-stateVDS of 100 V and
on-state IDof 10 A.
key words: GaN-HEMT, monolithic integration, gate driver, high-speed
switching, 10 MHz, bootstrap
Classification: Power devices and circuits

1. Introduction
Various GaN (Gallium Nitride) monolithic integrated cir-
cuits have been designed [1, 2, 3, 4, 5, 6, 7], to take ad-
vantage of a lateral structure and high breakdown field. In
particular, commercial products on the market with inte-
grated circuits (a gate driver and a power HEMT) have been
drawing much attention [8]. This is because the monolithic
integration (Fig. 1 (a)) is very promising due to its superior
switching capabilities. In conventional circuits, switching
speed is limited by gate resistance to suppress noise induced
by peripheral parasitic inductance as shown in Fig. 1 (b).
However, in monolithic integration, parasitic inductance is
minimized and switching is fast and noiseless; this leads to
improved power efficiency [9, 10, 11, 12]. Additionally, it re-
duces volume of power converters by decreasing the weight
and volume of the passive components at high frequency
switching [13]. Owing to those advantages, GaN-HEMTs
application in chargers and electric vehicles [14, 15, 16, 17]
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show great promise.
In this study we monolithically integrated a power GaN-
HEMT and a two-stage gate driver by enhancement-mode
(e-mode) GaN-on-Insulator substrate called Qromis Sub-
strate Technology (QST®, [18, 19]). Prior studies in [20]
have already simulated the function of the proposed mono-
lithic GaN integrated circuit (hereinafter referred as “GaN-
IC”). This paper builds on prior research by presenting re-
sults of experiments of the proposed GaN-IC at 10 MHz
switching frequency. GaN-on-QST process enables the iso-
lation of substrate between high-side and low-side HEMTs,
and realizes stable operation. Such an isolation would not be
possible for normal GaN-on-Si technology, as this technol-
ogy may lead to back-biasing effect in monolithic integration
due to conductive nature of Si carrier substrate [21, 22, 23]
while being generally used in previous monolithic integra-
tion research.
This paper is organized as follows: the design of the proposed
monolithic GaN integrated circuit is explained in Section 2.
In Section 3, experimental characterization results are stud-
ied and discussed. Finally, Section 4 concludes this paper.

2. Design of monolithic GaN integrated circuit

2.1 Fabrication
The integrated circuit was fabricated using p-GaN gate
enhancement-mode HEMT transistors on insulating sub-
strate called QST. It has a top Si layer with buried oxide
layer underneath. An SiO2 (Silicon Dioxide) layer is em-
bedded in the QST substrate. By processing oxide filled

Copyright © 2019 The Institute of Electronics, Information and Communication Engineers
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Fig. 2. Cross section of GaN HEMT on QST substrate.
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Fig. 3. Proposed monolithic GaN integrated circuit (IC).
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trenches reaching the buried oxide, the HEMT devices can
be isolated from each other, allowing a different substrate
bias per device. The cross section of the HEMTs is shown
in Fig. 2.

2.2 Structure of proposed integrated circuit
The proposed GaN-IC illustrated in Fig. 3 consists of a
power HEMT and a two-stage gate driver [24]. The operating
waveforms of the GaN-IC can be found in Fig. 4. It works
as follows:
1) The complementary input signals, VsigL and VsigH, are

Table I. Size of HEMTs and resistance.
Wg Lgd Lgs Lfp Lg

Power HEMT 70 4 0.75 0.65 1.3
Q_SH 24 1.5 0.75 0.25 1.3
Q_SL 24 1.5 0.75 0.25 1.3
Q_FH 8 1.5 0.75 0.25 1.3
Q_FL 8 1.5 0.75 0.25 1.3

R (Ω) Wg: gate width (mm)
RH 14.1 Lgd: gate-drain distance (µm)
RL 14.1 Lgs:gate-source distance (µm)

Lfp: gate field plate (µm)
Lg: gate length (µm)
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Fig. 6. Layout of the GaN-IC.

applied to the gate driver.
2) In the first stage, input signals are inverted because the

HEMTs Q_FH and Q_FL and resistors configure a pair
of logic inverters.

3) In the second stage, HEMTs Q_SH and Q_SL form an
inverter to drive the power HEMT. When Q_SH is on,
VGS is pulled up to VDD. On-state Q_SL pulls VGS down
to 0 V.

For the above operation, the GaN-IC requires a pulse gen-
erator and a voltage supply employing a bootstrap circuit as
shown in Fig. 5. The pulse generator should provide comple-
mentary input signals to control switching state. The boot-
strap circuit boosts the reference point of VDD, and this
enables to remove additional voltage supply.

2.3 GaN-IC layout
Table I shows the dimensions of HEMTs and the resistance
values that correspond to the components in the proposed
GaN-IC in Fig. 3. The HEMTs in the first stage are designed
to have small input capacitance for fast transition, while the
HEMTs in the second stage have relatively large gate width
to charge and discharge the power HEMT quickly. Owing to
this structure, the gate driver is capable of driving the power
HEMT at MHz-level switching frequency.
Resistors RH and RL are formed by 2-DEG sheet resistance.
The power HEMT in the GaN-IC has 67 mΩ on-resistance
RDS(ON) and can be used at 100 V drain-source voltage.
The simplified layout of the GaN-IC is shown in Fig. 6.
Parasitic elements in the GaN-IC were extracted from the
layout as seen in Fig. 7.
The parasitic inductance in on-state and off-state paths are
0.43 nH and 0.12 nH respectively. On the other hand, the
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Fig. 7. Parasitic components in IC.

gate-source loop in the discrete implementation method re-
sults in much larger parasitic inductance values (Fig. 1 a).
For instance, the wire on PCB (Print circuit Board) has 4.0
nH/cm assuming that it has 5 mm of width and 35 µm thick-
ness. If parasitic inductance in bonding wires and pins on
an IC package, as well as in PCB wires is also considered,
the discrete implementation method results in even higher
parasitic inductance. From the calculation in this study, it
is clear that the proposed method greatly reduces parasitic
inductance over a higher order of magnitude compared to
the conventional discrete implementation.

3. Experimental evaluation of the GaN-IC

This section compares the switching characteristics of the
power GaN-HEMT when driven by the gate driver in the pro-
posed GaN-IC (hereinafter referred as “proposed method”)
and when driven by a commercial discrete gate driver (here-
inafter referred as “conventional method”).

3.1 Measurement setups
The measurement circuits for the proposed method and the
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Fig. 8. Measurement circuit for the proposed method (GaN-IC).
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conventional method are shown in Figs. 8 and 9, respectively.
The bootstrap circuit in the GaN-IC measurement circuit
consists of 1 µF of CBS and a Schottky barrier diode (Pana-
sonic DB2J20900L). The measurement system is shown in
Fig. 10.
Control signals to the gate drivers were generated
by an FPGA (Field Programmable Gate Array) (Intel
EP1C6Q240) and was programmed to function as a pulse
generator. The control signals to the DUT (Device Un-
der Test) were supplied via an isolator (Texas Instruments
ISOI7831). In experiments of the proposed method, the gate
driver was embedded in the GaN-IC therefore control sig-
nals were directly supplied from the isolator. For the con-
ventional method, a discrete gate driver (Maxim Integrated
MAX5048) amplified the input signal. Gate resistance RGP
and RGN were 2 Ω.
The DUT for the proposed method is shown in Fig. 11. It was
implemented in a DIL-18 (Dual-In-Line 18) package. More
than 10 bonding wires were attached to the source and drain
terminals to reduce resistance to high current and decrease
parasitic inductance. The DUT for the conventional method
is the power-HEMT in the GaN-IC. The gate driver in the
GaN-IC was removed by using focused ion beam (FIB) to
cut off the metal power wire between the power HEMT and
the gate driver. This made it possible to evaluate the power
HEMT which has the exactly same layout patterns as the
one used in the GaN IC.
An oscilloscope used in the measurement was Lecroy
HDO6054. Voltage was measured at the test points TP_G,
D, S and R in Figs. 8 and 9. ID was obtained from volt-
age drop in Rload. VH determines off state VDS, and Rload
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Fig. 12. 10 MHz switching waveforms of power HEMT at 100 V/4 A
(conventional method vs. proposed method) obtained by measurement.
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Fig. 13. 10 MHz switching waveforms of power HEMT at 100 V/10 A
(conventional method vs. proposed method) obtained by measurement.

determines on-state ID during the measurement.

3.2 Evaluation results and discussion

3.2.1 Switching waveforms
Fig. 12 shows 10 MHz switching waveforms measured by
the proposed method (GaN-IC) and the conventional method
(discrete implementation) at 100 V of VH, and Rload of
24.9 Ω. Fig. 13 shows the switching waveform at 100 V/10
A. Results reveal that the proposed GaN-IC achieves faster
transitions than the conventional method. The highest slew
rate of VDS is 77.3 V/ns at turn-off and 45.2 V/ns at turn-on
transition.
Undershoot and overshoot peaks appeared at transient in
both the proposed and the conventional method due to volt-
age drop at parasitic inductance in the drain-source loop.
The DUT had parasitic inductance of 0.4 nH at least for
each drain and source terminal by bonding wires.
For VGS waveform in the proposed method, 9 V of under-
shoot appeared at turn-off unexpectedly during experiments.
There are two possible reasons for the noise. The first is
that the GaN-IC has low resistance in the gate-source loop
formed during off-state which makes convergence worse and
results in high peak overshoot. Table II gives comparison of

Table II. RL values in gate-source loop during off-state.
Conventional Proposed

(Discrete) (Integration)
R 450 mΩ 280 mΩ
Lp 8.5 nH 0.12 nH

Table III. Parameters in MVSG-HV model.
Parameters Typical value Definition
w - Width per finger
Lgd - Gate-drain distance
Lgs 0.75 µm Gate-source distance
rsh 500 Ω/sq 2-DEG sheet resistance
vxo 1.3×105 m/s Source injection velocity
µ 0.1 m2/(V · s) Low field mobility
SS 0.15 V/dec Subthreshold voltage
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total RL values in the gate-source loop. However, it should
also be noted that parasitic inductance in the gate-source
loop is significantly reduced in the GaN-IC.
Another possible reason for noise output is that the connec-
tion to the oscilloscope creates an external parasitic loop.
During the experiment, the oscilloscope is attached to the
gate, source and drain terminals of the power HEMT via
bonding wires, oscilloscope probes and cables. The external
loop includes parasitic elements that can induce noise. Com-
bining these hypotheses suggests that the noise originates in
the external loop, and it remains at transient as high-peak
undershoot because small resistance is not capable of sup-
pressing the noise.
These hypotheses were verified by simulating the extraction
of the equivalent circuit for the external loop. In the sim-
ulation, MVSG-HV (MIT Virtual Source GaNFET-High
Voltage) compact model [25, 26, 27, 28, 29] was used as
the GaN-HEMT model[30]. The parameters in MVSG-HV
were calibrated based on experimental characterization re-
sults of discrete GaN-HEMTs fabricated by Interuniversity
Microelectronics Centre, Belgium (Table III). DC charac-
teristics of the HEMT model were evaluated by the Ad-
vanced Design System circuit simulator from Keysight. The
DC characteristics obtained from the simulation correspond
well with actual measurements (Fig. 14). The RMSPE (Root
Mean Square Percentage Error) of ID -VGS characteristics
was 13.0% in which VGS is over threshold voltage.
Fig. 15 shows VGS waveforms at turn-off transient obtained
by simulation and measurement; the resonance frequency
of ringing in the measurement result coincides with the one
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in the simulation result considering oscilloscope loop. The
difference of the convergence between measurement and
simulation may be caused by process variation, accurancy of
the HEMT model, and mismatches of the paraisitc elements
between measurement and simulation.

3.2.2 Evaluation at various conditions
ID dependence of the switching characteristics was exam-
ined. The switching characteristics were measured at 100 V
of off-state VDSand one of various on-state ID conditions: 1,
2, 4, 5 or 10 A. The results are shown in Fig. 16. Switch-
ing time tON and tOFF are defined in Fig. 17. EHEMT is
energy loss in the power HEMT per switching cycle. The
results show that the proposed GaN-IC improves switching
speed and reduces energy loss under all condition. The su-
periority of the proposed method in tON, tOFF and EHEMT is
particularly evident at high power conditions. Taking the
evaluation results at off-state VDS of 100 V and on-state
ID of 10 A for example, the proposed GaN-IC achieved 1.6
ns turn-off time and 3.4 ns turn-on time, which are 86% and
45% smaller than the discrete implementation respectively.
Under these conditions, the fabricated GaN IC reduces en-
ergy loss EHEMT by 52%. EHEMT of the proposed method is
2.1 µJ/cycle compared to 4.4 µJ/cycle in the conventional
discrete implementation.

Ton
VDS_high

10%
10%

Toff

90%

VGS_high

90%

Fig. 17. Definition of switching time in switching waveforms.

4. Conclusion
This paper proposed a monolithic integrated circuit with a
two-stage gate driver and a power HEMT for MHz-switching
by p-gate GaN-on-QST technology. Fast and low energy loss
switching of the GaN-IC was demonstrated in experiments
at 100V and at various drain current conditions up to 10
A. Compared to conventional method using a discrete gate
driver, the GaN-IC decreased switching time by 86% for
turn-off and by 45% for turn-on, and energy loss in power
HEMT by 52% at 100 V/ 10 A.

Acknowledgements

This research is supported by the Super Cluster program
from Ministry of Education, Culture, Sports, Science and
Technology and Consortium for GaN Research and Appli-
cations.

References

[1] Y. Zhang, M. Rodriguez, and D. Maksimovi, “High-
frequency Integrated Gate Drivers for Half-bridge GaN
Power Stage,” in 2014 IEEE 15th Workshop on Control and
Modeling for Power Electronics (COMPEL), June 2014, pp.
1–9, DOI: 10.1109/COMPEL.2014.6877120.

[2] S. Moench, M. Costa, A. Barner, I. Kallfass, R. Reiner,
B. Weiss, P. Waltereit, R. Quay, and O. Ambacher, “Mono-
lithic Integrated Quasi-normally-off Gate Driver and 600 V
GaN-on-Si HEMT,” in 2015 IEEE 3rd Workshop on Wide
Bandgap Power Devices and Applications (WiPDA), Nov.
2015, pp. 92–97, DOI: 10.1109/WiPDA.2015.7369264.

[3] M. Giandalia, J. Zhang, and T. Ribarich, “650 V All
GaN Power IC for Power Supply Applications,” in 2016
IEEE 4th Workshop on Wide Bandgap Power Devices
and Applications (WiPDA), Nov. 2016, pp. 220–222, DOI:
10.1109/WiPDA.2016.7799941.

[4] A. Sepahvand, Y. Zhang, and D. Maksimovic, “High Effi-
ciency 20-400 MHz PWM Converters Using Air-core In-
ductors and Monolithic Power Stages in a Normally-off
GaN Process,” in 2016 IEEE Applied Power Electronics
Conference and Exposition (APEC), Mar. 2016, pp. 580–
586, DOI: 10.1109/APEC.2016.7467930.

[5] N. Otsuka, Y. Kawai, and S. Nagai, “Recent Progress in GaN
devices for Power and Integrated Circuit,” in 2017 IEEE 12th
International Conference on ASIC (ASICON), Oct. 2017,
pp. 928–931, DOI: 10.1109/ASICON.2017.8252629.

[6] D. Maksimović, Y. Zhang, and M. Rodríguez, “Mono-
lithic very high frequency GaN switched-mode power
converters,” in 2015 IEEE Custom Integrated Circuits
Conference (CICC), Sept. 2015, pp. 1–4, DOI:
10.1109/CICC.2015.7338386.

[7] R. Reiner, P. Waltereit, S. Moench, M. Dammann, B. Weiss,
R. Quay, and O. Ambacher, “Multi-stage cascode in high-
voltage AlGaN/GaN-on-Si technology,” in 2018 IEEE
6th Workshop on Wide Bandgap Power Devices and

5



IEICE Electronics Express, Vol.VV, No.NN, 1–6

Applications (WiPDA), Oct. 2018, pp. 237–241, DOI:
10.1109/WiPDA.2018.8569168.

[8] D. Kinzer and S. Oliver, “GaN Matures for Industry with
Monolithic Power ICs,” Power Electronics Europe, pp. 26–
28, May 2016.

[9] F. Gamand, M. D. Li, and C. Gaquiere, “A 10-MHz GaN
HEMT DC/DC boost converter for power amplifier appli-
cations,” IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 59, no. 11, pp. 776–779, Nov. 2012,
DOI: 10.1109/TCSII.2012.2228397.

[10] W. Saito, T. Nitta, Y. Kakiuchi, Y. Saito, K. Tsuda, I. Omura,
and M. Yamaguchi, “A 120-W boost converter opera-
tion using a high-voltage GaN-HEMT,” IEEE Electron
Device Letters, vol. 29, no. 1, pp. 8–10, Jan. 2008, DOI:
10.1109/LED.2007.910796.

[11] Y. Wu, M. Jacob-Mitos, M. L. Moore, and S. Heik-
man, “A 97.8% efficient GaN HEMT boost converter with
300-W output power at 1 MHz,” IEEE Electron Device
Letters, vol. 29, no. 8, pp. 824–826, Aug. 2008, DOI:
10.1109/LED.2008.2000921.

[12] L. Sun, Z. Ding, D. Guo, L. Yan, and C. Yan, “High
efficiency high density telecom rectifier with GaN de-
vice,” in 2015 IEEE International Telecommunications
Energy Conference (INTELEC), Oct. 2015, pp. 1–5, DOI:
10.1109/INTLEC.2015.7572401.

[13] J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. Bad-
stuebner, “Performance Trends and Limitations of Power
Electronic Systems,” in 2010 6th International Conference
on Integrated Power Electronics Systems, Mar. 2010, pp.
1–20.

[14] L. Xue and J. Zhang, “Single-stage 6.78 MHz power-
amplifier design using high-voltage GaN power ICs for wire-
less charging applications,” in 2017 IEEE Applied Power
Electronics Conference and Exposition (APEC), Mar. 2017,
pp. 3743–3750, DOI: 10.1109/APEC.2017.7931237.

[15] D. Kinzer and S. Oliver, “Monolithic HV GaN power
ICs: Performance and application,” IEEE Power Electronics
Magazine, vol. 3, no. 3, pp. 14–21, Sept. 2016, DOI:
10.1109/MPEL.2016.2585474.

[16] H. Moradisizkoohi, N. Elsayad, A. Berzoy, C. R. Lash-
way, and O. A. Mohammed, “A multi-level bi-directional
buck-boost converter using GaN devices for electric vehicle
applications,” in 2017 IEEE Transportation Electrification
Conference and Expo (ITEC), June 2017, pp. 742–746, DOI:
10.1109/ITEC.2017.7993362.

[17] J. Lu, Q. Tian, K. Bai, A. Brown, and M. McAmmond,
“An indirect matrix converter based 97%-efficiency on-
board level 2 battery charger using e-mode GaN HEMTs,” in
2015 IEEE 3rd Workshop on Wide Bandgap Power Devices
and Applications (WiPDA), Nov. 2015, pp. 351–358, DOI:
10.1109/WiPDA.2015.7369258.

[18] Qromis, http://qromis.com/.
[19] C. Basceri, “High performance & scalable GaN device man-

ufacturing status on 8-inch diameter QST® platform,” in
Meeting Abstracts, no. 34. The Electrochemical Society,
2018, pp. 1159–1159.

[20] Y. Yamashita, S. Stoffels, N. Posthuma, S. Decoutere, and
K. Kobayashi, “Monolithically integrated e-mode GaN-
on-SOI gate driver with power GaN-HEMT for MHz-
switching,” in 2018 IEEE 6th Workshop on Wide Bandgap
Power Devices and Applications (WiPDA), Oct. 2018, pp.
231–236, DOI: 10.1109/WiPDA.2018.8569057.

[21] X. Li, M. Van Hove, M. Zhao, K. Geens, W. Guo, S. You,
S. Stoffels, V. Lempinen, J. Sormunen, G. Groeseneken,
and S. Decoutere, “Suppression of the backgating effect
of enhancement-mode p-GaN HEMTs on 200-mm GaN-
on-SOI for monolithic integration,” IEEE Electron Device

Letters, vol. 39, no. 7, pp. 999–1002, July 2018, DOI:
10.1109/LED.2018.2833883.

[22] S. Moench, C. Salcines, R. Li, Y. Li, and I. Kallfass, “Sub-
strate Potential of High-voltage GaN-on-Si HEMTs and
Half-bridges: Static and Dynamic Four-terminal Character-
ization and Modeling,” in 2017 IEEE 18th Workshop on
Control and Modeling for Power Electronics (COMPEL),
July 2017, pp. 1–8, DOI: 10.1109/COMPEL.2017.8013383.

[23] S. Moench, R. Reiner, B. Weiss, P. Waltereit, R. Quay,
O. Ambacher, and I. Kallfass, “Effect of Substrate Termi-
nation on Switching Loss and Switching Time Using 600
V GaN-on-Si HEMTs with Integrated Gate Driver in Half-
bridges,” in 2017 IEEE 5th Workshop on Wide Bandgap
Power Devices and Applications (WiPDA), Oct. 2017, pp.
257–264, DOI: 10.1109/WiPDA.2017.8170557.

[24] K. Nagaoka, K. Chikamatsu, A. Yamaguchi, K. Nakahara,
and T. Hikihara, “High-Speed Gate Drive Circuit for SiC
MOSFET by GaN HEMT,” IEICE Electronics Express,
vol. 12, no. 11, 2015, DOI: 10.1587/elex.12.20150285.

[25] Q. Chen, “Latest Advances in Gallium Nitride HEMT Mod-
eling,” in 2014 12th IEEE International Conference on
Solid-State and Integrated Circuit Technology (ICSICT),
Oct. 2014, pp. 1–4, DOI: 10.1109/ICSICT.2014.7021208.

[26] A. Dasgupta, S. Ghosh, Y. S. Chauhan, and S. Khandel-
wal, “ASM-HEMT: Compact Model for GaN HEMTs,” in
2015 IEEE International Conference on Electron Devices
and Solid-State Circuits (EDSSC), June 2015, pp. 495–498,
DOI: 10.1109/EDSSC.2015.7285159.

[27] U. Radhakrishna, T. Imada, T. Palacios, and D. Antoniadis,
“MIT Virtual Source GaNFET-high Voltage (MVSG-HV)
Model: A Physics Based Compact Model for HV-GaN
HEMTs,” physica status solidi (c), vol. 11, pp. 884–852,
2014.

[28] U. Radhakrishna and D. Antoniadis, “MIT virtual source
GaNFET-RF ( MVSG-RF) model,” 2014.

[29] U. Radhakrishna, D. Piedra, Y. Zhang, T. Palacios, and
D. Antoniadis, “High voltage GaN HEMT compact model:
Experimental verification, field plate optimization and
charge trapping,” in 2013 IEEE International Electron
Devices Meeting, Dec 2013, pp. 32.7.1–32.7.4.

[30] Y. You, X. Li, S. Decoutere, G. Groeseneken, Z. Chen, J. Liu,
Y. Yamashita, and K. Kobayashi, “Monolithically integrated
GaN power ICs designed using the MVSG compact model
for enhancement-mode p-GaN gate power HEMTs, logic
transistors and resistors (To be appeared),” in 2019 European
Solid-State Device Research Conference, 2019.

6


