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Ultra-compact, High-Frequency Power Integrated Circuits Based on GaN-on-Si
Schottky Barrier Diodes
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Halil Kerim Yildirim , Jun Ma , and Elison Matioli , Member, IEEE

Abstract—Gallium nitride (GaN) transistors are being employed
in an increasing number of applications thanks to their excellent
performance and competitive price. Yet, GaN diodes are not com-
mercially available, and little is known about their performance and
potential impact on power circuit design. In this article, we demon-
strate scaled-up GaN-on-Si Tri-Anode Schottky barrier diodes
(SBDs), whose excellent dc and switching performance are com-
pared to commercial Si fast-recovery diodes and SiC SBDs. More-
over, the advantageous lateral GaN-on-Si architecture enables the
integration of several devices on the same chip, paving the way for
power integrated circuits (ICs). This is demonstrated by realizing
a diode-multiplier IC, which includes up to eight monolithically
integrated SBDs on the same chip. The IC was integrated on a dc–dc
magnetic-less boost converter able to operate at a frequency of
1 MHz. The IC performance and footprint are compared to the
same circuit realized with discrete Si and SiC vertical devices,
showing the potential of GaN power ICs for efficient and compact
power converters.

Index Terms—Diode multiplier, gallium nitride (GaN), GaN-on-
Si, GaN diode, Tri-Anode, power integrated circuit (IC).

I. INTRODUCTION

GALLIUM nitride (GaN) has emerged as a promising
material platform for low to medium power applications

thanks to its excellent electronic properties [1], [2]. GaN tran-
sistors are already available on the market, showing comparable
performance to silicon carbide (SiC) devices at a potentially
more competitive price thanks to the low-cost and large-area
GaN-on-Si technology, which is overcoming its technical chal-
lenges and becoming more mature. In addition, while typical
power integrated circuits (ICs) based on bipolar-CMOS-DMOS
(BCD) technology [3] show inferior performance with respect
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Fig. 1. SEM image of the (a) Tri-Anode SBD channel region and (b) multi-
finger scaled-up device. (c) Optical microscope image of the 4-stage diode
multiplier IC. (d) PCB testing setup for the diode multiplier IC which includes an
inverter to generate the PWM signal and the capacitors for the voltage boosting.
In the left-hand inset, a picture of the wire-bonded chip is shown. (e) Circuit
schematics of the dc–dc magnetic-less boost converter. The capacitance value
of the multilayer capacitors C1, C2, C3 has been set to 6.6 µF from simulation
of the circuit.

to the corresponding discrete vertical devices, the AlGaN/GaN
intrinsic lateral architecture enables straightforward integration
of several high-performance components on the same chip. This
paves the way for power GaN ICs that would result in lower
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Fig. 2. (a) I–V curve for the Tri-Anode devices. (b) Reverse-recovery mea-
surement comparing GaN Tri-Anode SBDs, Si FRDs, and SiC diodes. The
reverse voltage was set to −100 V, di/dt to 350 A/µs, and the forward current
in the ON-state to 1 A. (c) Instantaneous power loss at the diode turn-OFF and
corresponding dissipated energy Eoff. The current and voltage-probe synchro-
nization was achieved by applying a 10-ns correction (inset). (d) Estimated diode
switching losses as a function of frequency obtained from the device Eoff.

parasitic components, higher operating frequency, and further
cost reduction.

While the development of GaN high-electron-mobility tran-
sistors (HEMTs) has been relatively fast since their first demon-
stration [4], GaN SBDs have encountered a more difficult path to
commercialization. Among the few challenges in these devices,
the difficult management of the high electric fields at the Schot-
tky barrier results in large leakage current and poor breakdown
voltage. Yet, the development of high-performance SBDs is an
important requirement for a widespread adoption of GaN devices
for power applications. On one side, discrete GaN SBDs would
provide a competitive alternative to SiC devices in terms of per-
formance and cost. On the other side, the integration of multiple
GaN SBDs and HEMTs on the same chip would significantly
expand the design possibilities, enabling power ICs with a large
variety of topologies and able to operate at high frequency. In
particular, the increased switching frequency represents a key
advantage for converter architectures based on switching capaci-
tors, in which no magnetic components are needed, as this would
enable higher power transfer with reduced passive component
size, leading to ultra-compact, high-efficiency power converters
[5], [6]. Possible applications that would highly benefit from
such features, and operate in the few hundreds of Watts range,
include photovoltaics, lighting and robotics, among others [7].

Recently, novel device architectures such as recessed anode
[8]–[10], multiple field plates [11], [12], and Tri-Gate/Tri-Anode
hybrid structures [13]–[15] have enabled major improvements
in GaN SBDs RON versus VBR figure of merit, resulting in
excellent dc behavior with low turn-ON voltage (VON) and good

TABLE I
COMPARISON OF Qrr , Eoff, AND VF ·Qrr EXTRACTED FROM Fig. 2 FOR THE

GaN TRI-ANODE DEVICES AND THE REFERENCE Si FRD AND SiC SBD

The forward voltage VF has been defined at a current of 1 A.

reverse-blocking capability. Yet, few works have focused on
their dynamic performance and their comparison with counter-
part Si and SiC devices. In addition, the GaN SBD behavior
and performance in real circuit applications are still largely
unexplored.

In this article, we present a thorough switching characteriza-
tion of Tri-Anode GaN diodes, which are compared to similarly
rated Si fast-recovery diodes and SiC SBDs. The device turn-OFF

losses are evaluated through a reverse-recovery measurement,
highlighting the excellent dynamic behavior of GaN SBDs.
The potential of the presented diodes for high-frequency power
application is demonstrated by integrating eight diodes on the
same chip, to realize a monolithically integrated diode multi-
plier operating at 1 MHz and able to provide up to eightfold
multiplication of the input voltage. The GaN IC performance
is compared to the same circuit realized by discrete Si and
SiC commercial devices, showing a significant improvement in
high-frequency operation along with a large size reduction.

II. FABRICATION AND EXPERIMENTAL SETUP

The GaN Tri-Anode diodes and the monolithically integrated
ICs were fabricated on a 6-inch GaN-on-Si heterostructure con-
sisting of 4.2µm of buffer, 420 nm of unintentionally doped GaN
(u-GaN) channel, 20 nm of Al0.25Ga0.75N barrier, and 2.9 nm
of u-GaN cap-layer. The detailed fabrication steps are reported
in [16]. Scaled-up devices were achieved by a multi-finger ap-
proach, paralleling 50 fingers for a total device width of 9.9 mm.
The diode multiplier IC was realized by properly interconnecting
4–8 diodes on the same chip [see Fig. 1(a)–(c)]. The GaN IC
was combined with a GaN inverter circuit to realize a dc–dc
boost converter [see Fig. 1(d)]. The input dc signal is converted
into a pulsewidth modulated (PWM) signal by the full-bridge
inverter, and then, amplified and rectified by the diode multiplier
IC and output capacitors. The voltage amplification depends
on the number of stages (in this case ×4, ×6, and ×8 outputs
are available). An integrated on-chip temperature sensor was
included, whose value is read through a current mirror circuit.
The complete circuit schematics are presented in Fig. 1(e).

III. RESULTS AND DISCUSSION

The individual Tri-Anode GaN SBD I–V shows forward volt-
age (VF ) of 2.2 V at a current IF of 1 A and ON/OFF ratio higher
than 107 at a reverse voltage VR of −400 V [see Fig. 2(a)]. Such
good dc performance is in agreement with our previous works
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Fig. 3. (a) Operation of the 4-stage diode multiplier IC for input signal
frequency of 1 MHz. (b) Output voltage for the same VIN for a 4-, 6-, and
8-stage diode multiplier. (c) VOUT as a function of VIN for a 4-stage diode
multiplier (left) and as a function of the number of stages for the same VIN

(right). (d) VOUT ringing comparison for a diode multiplier realized with the
presented GaN IC and by discrete Si and SiC reference devices.

on the subject [13], [14]. To characterize the SBD switching
performance and evaluate the losses associated with its turn-
OFF, a double-pulse-tester (DPT) measurement was performed.
Fig. 2(b) shows the Tri-Anode SBD reverse-recovery behavior,
which is compared to a commercial Si fast-recovery diode (FRD)
[17] and SiC SBD [18] with a similar rating. The Tri-Anode
GaN SBD significantly outperforms the Si device in terms of
reverse-recovery time (trr), current (Irr), and overall charge
(Qrr), and compares well to the SiC device. Such improvements
come from the superior AlGaN/GaN material properties for
power applications, such as high electron mobility and large
critical electric field, combined with the excellent Tri-Anode
architecture [16]. The total reverse-recovery charge for the three
devices, obtained from the time-integration of Irr, is reported
in Table I, which also shows a significant improvement in the
Qrr · VF figure-of-merit for the GaN Tri-Anode devices. To
extract the losses associated with each diode turn-OFF event, the
voltage over the diode during the reverse-recovery measurement
was recorded and multiplied point-by-point by Irr to obtain
the instantaneous power loss. Calibration of the voltage and
current probes over a resistive load was performed to ensure a
synchronous measurement. Fig. 2(c) shows a comparison of the
instantaneous diode power loss at each turn-OFF, highlighting a
large peak for the Si FRD and a much-reduced value for the SiC
and GaN SBDs. By time-integrating the power peak of Fig. 2(c),
it is possible to extract the switching energy loss (Eoff) at each
cycle (see Table I) and thus, estimate the switching losses for
the three devices at different frequencies. From Fig. 2(d), it is
clear that the Si FRD cannot operate above few hundreds of kHz

Fig. 4. (a) Thermal image of the 4-diode multiplier IC during operation
obtained using a FLIR SC3000 IR camera. A uniform emissivity was obtained
by coating the device surface with black paint. (b) Integrated sensor calibration
with the IC temperature and the IC dissipated power, showing good linearity
and a sensitivity of Sth = 1.05 K/Ω and SP = 0.08 W/Ω, respectively.

without significant switching losses, while, as expected, the SiC
and GaN SBD represent a suitable solution for the MHz range.

The promising performance from the single-diode charac-
terization was applied to a real circuit application, as a diode
multiplier, able to perform dc–dc boost conversion. To this
end, four to eight of the presented Tri-Anode GaN diodes were
monolithically integrated on the same chip to realize the desired
IC, which was tested using the setup shown in Fig. 1(d). Fig. 3(a)
demonstrates the operation of the 4-diode circuit which is able to
boost and rectify the input PWM signal generated by the inverter
into a dc output (VOUT). The circuit operating frequency is
1 MHz. An important advantage of the diode multiplier topology
is its modularity which allows to easily enhance the VOUT mul-
tiplication factor by increasing the number of stages. Each stage
is composed of two diodes and two capacitors [see Fig. 1(e)].
Fig. 3(b) reports the output voltage for a diode multiplier with 4,
6, and 8 stages at the same VIN, successfully showing an increase
in the boosting ratio. Fig. 3(c) shows VOUT as a function of VIN

for a four-diode multiplier (left) and as a function of the number
of stages for the same input voltage (right). The multiplication
factor for the four-diode multiplier is 3.82, slightly lower than
the theoretical value of 4 due to the losses over the four diodes.
The shorter interconnections and lower parasitic contribution
from the GaN IC result in an important decrease of the output
voltage ringing and overshoot with respect to the reference
circuit realized with Si or SiC discrete devices [see Fig. 3(d)]. It
should be noted that the 1-MHz operating frequency was chosen
to comply with the capacitor and inverter specifications and
was not limited by the GaN IC, which could operate at higher
frequencies.

While power ICs can significantly enhance the power density,
careful thermal management solutions and temperature monitor-
ing are of extreme importance to deal with such high heat fluxes.
A continuous, near-junction temperature tracking is important to
avoid device overheating, increase its reliability, and monitor its
losses. To this end, an on-chip sensing resistor [19] was designed
in close proximity to the GaN IC to control its temperature during
operation. By monitoring the IC temperature with a thermal
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Fig. 5. (a) Size comparison for the Tri-Anode GaN-on-Si 6-stage diode
multiplier ICs with respect to the same circuit realized with discrete vertical
surface-mounted Si and SiC devices. (b) Losses as a function of frequency for
the GaN IC and the reference circuits made of Si and SiC discrete devices. The
losses were evaluated at a constant output power by thermal measurement.

camera [see Fig. 4(a)] and simultaneously measuring the resistor
value, the temperature sensor was calibrated, resulting in a
sensitivity of 1.05 K/Ω [see Fig. 4(b)]. In addition, by connecting
the diodes in series and dissipating a known dc power over the
IC, the sensor resistance was linked to the IC dissipated power to
extract the device thermal resistance. This enables, after proper
calibration, continuous monitoring of the IC losses during its
operation with a simple electrical measurement.

The diode multiplier GaN ICs were compared to the same
circuit realized by Si and SiC discrete devices. Thanks to its
lateral architecture, AlGaN/GaN devices can be easily integrated
on the same chip to realize power ICs. However, this is not the
case for Si and SiC devices whose vertical device architecture
requires the use of discrete components or sophisticated and
expensive back-end techniques to copackage multiple devices
together. This results in a drastic size reduction and power
density increase for GaN ICs, in which six power diodes could be
integrated in a chip size of 2.3 mm × 3.6 mm, leading to more
than ten times reduction in footprint with respect to similarly
rated surface-mounted Si and SiC discrete diodes [see Fig. 5(a)].
In addition, the reduction of the interconnection parasitics thanks
to the ICs monolithic integration enables high-frequency oper-
ation with minimum ringing and overshoot voltage, as seen in
Fig. 3(d).

Fig. 5(b) shows the losses as a function of the operating
frequency for 4-stage diode multipliers realized with discrete
Si FRDs, SiC SBDs, and the GaN ICs at the same output power.
The losses for all devices were extracted from thermal measure-
ment by IR camera. While the different diodes were chosen to
have similar VF and current rating, and thus show comparable
conduction losses, the total loss contribution as a function of
the frequency strongly depends on the device technology. In
particular, the diode multiplier realized with Si diodes shows a
rapid loss increase as the frequency is raised. Such a trend is due
to the Si FRD large reverse-recovery charge, which results in a
substantial energy loss at each turn-OFF event [see Fig. 2(c)]. This
leads to significant switching losses, which completely dominate
over conduction losses, and rapidly increase until the circuit fails
due to thermal runaway. The GaN IC diode multiplier and the one

realized with SiC discrete devices show instead only a moderate
loss increase from an operating frequency of 100 kHz to 1 MHz,
benefiting from the much-reduced diode Eoff with respect to the
Si devices [see Fig. 2(c)]. In this case, conduction losses, which
are constant in frequency, represent the main contribution. The
behavior of the different diode multiplier circuits agrees well
with the single-diode switching performance characterization
shown in Fig. 2. Thanks to the reduced switching losses, the GaN
IC is able to properly operate in the MHz range with minimum
loss increase. Such high operating frequency, combined with
the reduced ringing from the IC design, is very promising for
switching-capacitor architectures since it allows to reduce the
overall capacitor value and size, and to significantly increase
the converter output power.

IV. CONCLUSION

In this article, we presented the promising potential of
Tri-Anode GaN-on-Si SBDs for future high-frequency power
applications. The results from the Tri-Anode lateral diodes
significantly outperform Si FRD and are comparable with SiC
SBDs. In addition, thanks to the lateral architecture, Tri-Anode
devices can be monolithically integrated to realize power ICs
able to operate at high frequency, thanks to the reduced diode
switching losses and low interconnection parasitics. This is
demonstrated by realizing a diode multiplier IC that includes up
to eight diodes on the same chip and is able to operate as a dc–dc
magnetic-less boost converter with ×8 multiplication factor at
a frequency of 1 MHz, which cannot be matched by Si FRD
devices. In addition, the monolithic device integration enables a
significant reduction of the device footprint, which is more than
ten times smaller than for Si and SiC discrete devices, paving
the way for compact and cost-effective solutions. Finally, the
IC platform enables the integration of an on-chip sensor for
electrical, real-time monitoring of the circuit temperature and
losses. These results demonstrate the promising potential of
Tri-Anode GaN-on-Si SBDs for future compact, fast-switching,
and cost-effective power ICs.
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