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ABSTRACT Active or synchronous rectification is used today to further increase the efficiency of mass-
market power supplies by eliminating the turn-on voltage of rectifier diodes, thus reducing conduction losses.
However, the active rectification is usually realized by two devices: a power MOSFET and a control circuit
to imitate an ideal diode behavior. This paper presents a GaN active rectifier diode consisting of a 600 V
power transistor, a control circuit with gate driver, and a supply generation, all monolithically realized in a
GaN power integrated circuit (IC). This enables a true two-terminal device that can directly replace a rectifier
diode. In order to evaluate the proposed conduction loss reduction by replacing a rectifier diode by an active
diode, the theoretical limits at circuit level and at semiconductor level are analyzed. The GaN active rectifier
diode is demonstrated in a half-wave rectification (110/230 V¢, 50/60 Hz) up to a forward current of 6 A.
A single-device realization of low-loss GaN active rectifier diodes is more cost-efficient than a multi-chip or

package-integrated solution.

INDEX TERMS Gallium nitride, power integrated circuits, monolithic integrated circuits, active circuits,

rectifiers, AC-DC power conversion.

I. INTRODUCTION

Active or synchronous rectification is the replacement of a
diode by an active controlled switch to eliminate the turn-on
voltage Vg for reducing the conduction losses and increasing
energy efficiency. In this context, the term ideal or active
diode is often used, which also designates a device with two
terminals. One of the most common uses of synchronous
rectification is in switched-mode power supplies on the sec-
ondary side of the transformer in a variety of different isolated
DC-DC converter topologies. Already in the early 70’s the
effect on efficiency especially at low output voltage levels
was investigated [1]. Driven by the efficiency standards of the
last 20 years and other factors such as power density, syn-
chronous rectification has become essential in today’s power
supplies [2]. Over these years, a wide variety of approaches
for many topologies have been published, exemplified in [3] as
an overview for the LL.C resonant converter. But also in AC-
DC rectifiers of power supplies, the last percentage points of
efficiency are gained by active bridge rectification [4], [5], [6],
[7] as cost-effective alternative to bridgeless topologies. How-
ever, there are also other applications for active rectification in

general, e.g., as battery protection, ORing power supplies and
replacement of bypass diodes in photovoltaic modules [8], [9].
Another area of application is in alternator generators for vehi-
cles with internal combustion engines, where the rectification
of the three-phase alternating voltage with active diodes can
contribute to a saving of 1.2-1.8 g CO,/km per alternator due
to the conduction loss reduction [10], [11].

What all these active rectifier diodes and circuits have in
common is that they consist of at least two semiconductor-
based components, devices, or dies in different technologies.
One component is a power switch, usually silicon (Si) or sili-
con carbide (SiC) MOSFETs, although gallium nitride (GaN)
HEMTs have been increasingly used for synchronous recti-
fication in recent years [3]. Reasons for this are the superior
physical properties compared to Si [12], [13] and on the other
hand the zero reverse recovery of GaN due to the absence
of the body diode [14]. A GaN HEMT with corresponding
output characteristic as an active diode is shown in Fig. 1. The
other component is the control, which detects the voltage zero
crossing in order to imitate an ideal diode behavior. Usually,
Si-based bipolar-CMOS-DMOS (BCD) technologies are used
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FIGURE 1. Symbol and schematic output characteristic of GaN HEMT
modified with a control and optionally a supply generation resulting in a
GaN active rectifier diode.

for these ICs [15]. A voltage supply generation is required
to provide a two-terminal device and replace conventional
diodes directly. There are commercial synchronous rectifier
controller ICs for LLC, forward, or flyback converter avail-
able from many semiconductor manufacturers [15]. However,
there are a few products available for replacing a bridge rec-
tifier to an active bridge using active diodes with breakdown
voltages up to 650 V. One approach is to drive four power
MOSFETs by using one [7] or two synchronous rectification
controller ICs [4], [6] with further additional circuitry. All
solutions can directly replace standard bridge rectifiers with
4 connections. Another approach is to replace the rectifier
diodes with a single IC each [5], which is realized by a
package integration of a power MOSFET and at least one
further control IC. However, this approach still requires a
power supply for each active or ideal diode with an additional
bulk capacitor [5]. Similar approaches with integrated volt-
age supply for lower breakdown voltages are demonstrated
in [10], [16]. In addition, there are numerous patents [17],
[18], [19], [20], [21], [22], [23] for active diodes in differ-
ent voltage classes, which mostly consist of the three parts:
power switch, control, and voltage supply generation. A novel
approach is to integrate the components of an active diode into
the GaN-on-Si technology on a single chip with a low-cost and
large-area Si carrier substrate. The lateral structure enables
monolithic integration with the power device. The GaN power
integration is a technology trend in power electronics [24]
and many publications as well as products were presented
in this field [12], [24], [25], [26], [27], [28], [29]. There are
already commercial HEMTs with package integrated driver
and control, which switch on the HEMT in the 3rd quadrant
accordingly to a synchronous FET operation and is called
“ideal diode mode” [14], [30]. Approaches for battery pro-
tection with bi-directional HEMTs are also being pursued
[24]. The GaN-based active diode can realize a two-terminal
device and enable plug-and-play replacement of conventional
rectifier diodes to reduce development time and system cost.
The steadily declining costs of the GaN technology could lead
to more cost-efficient GaN rectifier diodes in the future and
thereby open up a new application area for GaN.
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FIGURE 2. Diode rectifier with sine or square wave source and resistive
load: (Top) Half-wave rectifier M1U, (middle) full-wave rectifier with
center-tapped transformer M2U and (bottom) Full-wave rectifier B2U.

In this article, we present an approach of a GaN active
rectifier diode. For this purpose, the theoretical limits are ana-
lyzed in terms of circuitry and semiconductor material, which
defines a new figure-of-merit (FOM), in Section II. The design
of the GaN power IC as active diode is described in detail in
Section III based on the three parts: power HEMT, control and
voltage supply generation. The experimental results of a first
prototype GaN active rectifier diode is shown and compared
with the state-of-the-art in Section I'V. Section V summarizes
the article and discusses the potential of the GaN active recti-
fier diode.

1. THEORETICAL LIMITS

In this section the theoretical limits of the active diode are
discussed in relation to the reduction of the conduction losses,
which account for the largest part of the losses of rectifier
diodes. At first, investigations are described from a circuit
engineering point of view using the rectifier circuits. After-
wards the max. limits of the active diode are described from a
physical point of view.

A. CIRCUITRY

This work is limited to the most important single-phase rec-
tifiers: Half-wave rectifier (M1U), full-wave rectifier with
center-tapped transformer (M2U) and full-wave rectifier
(B2U). The voltage source is decoupled via an ideal trans-
former with a transmission ratio 1:1, shown in Fig. 2. Once
again, there are several loss mechanisms for a conventional
diode, e.g., conduction losses, leakage current losses, reverse
recovery losses, and also for an active diode, e.g., gate charge
losses and losses in the gate driver and control circuits in
addition to the previous losses, but here we focus exclusively
on the conduction losses. We assume that the active diode
switches on ideally, without delay and thus without on and
off switching threshold compared to Fig. 1. At the same time,
a linear model is applied for the diode and the active diode.
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FIGURE 3. Theoretical circuit limits for the replacement of a diode by an
active diode. (Left) Conduction loss reduction as a function of the term
1/(rr-Ierms-Fe) for one diode with different turn-on voltage from 0.1 to

2.0 V and (right) Depending as a function of the term Vo/(rr-loutrms-Fe) for
rectifier circuits M1U, M2U, and B2U.

Conduction lossreduction [%]

This theoretical circuit analysis investigates the reduction of
conduction loss by replacing the diodes with active diodes for
the three rectifier circuits M1U, M2U, and B2U. The conduc-
tion loss reduction (relation between conduction losses of the
active diode Prossap and diode Pross,p) can be calculated
as

2
PLoss,AD Ron - Ig ryis

(D

PLoss,p Vro - Igav + 11 - IFZ)RMS

whereas Ir is the forward current (AV: average, RMS: root
mean square), Vg is the turn-on voltage of the diode, rr is the
differential resistance of the diode and Ron the on-resistance
of the active diode. It is assumed that r1 = Ron and the
following applies Irav = FF'I-IERMS, where Fg is the form
factor. The form factor of a halve wave is /2 and of a square
wave v DC~'. DC is the duty-cycle of the square wave. Thus,
the formula (1) can be simplified as follows

PLoss.AD <1
PLoss.p

S — )1 @)
Fg - r7 - Ir RMsS ’

Fig. 3 shows the conduction loss reduction in percent
depending on the term 1/(r7-Igrms-Fr) for one diode with
different turn-on voltages from 0.1 to 2.0 V. A rectification
with sine wave and diode parameter V1o =1 V, rr = 100 m€2,
Irrms = 6.37 A results in 1/(rr-Igrms-Fr) = 1. If this diode
would be replaced by an active diode with the same on-
resistance, a reduction in conduction loss of 50% results. This
example shows the enormous potential of active rectification.
Fig. 3 also shows the conduction loss reduction depending on
the term Vro/(rr-IoutrMs-FF) for the rectifier circuits M1U,
M2U and B2U. For M1U is valid IoytrMms = IERMS, for M2U
Ioutrms = v/2:-Igrms, and for B2U Ioutrms = 2-Irrums.- If
the load (see Fig. 2) is capacitively filtered, the form factor
is of course >m/2, due to the current peaks and the non-
sinusoidal shape of, for example, a mains rectification. An
analysis was performed in [31].
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B. PHYSICAL
The physical limits of the active diode are investigated com-
pared to conventional Schottky rectifier diode. As a basis for
a material comparison for unipolar power devices, the ideal
specific on-resistance or area-specific on-resistance is calcu-
lated as a function of the breakdown voltage for 3-dimensional
channel structure. The breakdown voltage Vpp can be calcu-
lated via the triangular electric field distribution with the max.
critical electric field strength Ec. The result is
4 2
Ron - Asp = ——=Vgpl321], (3)
e -u-Ea
where w is the carrier mobility and ¢ is the permittivity. The
denominator is known as Baliga’s figure-of-merit (BFOM).
However, the lateral heterojunction of the GaN HEMT is real-
ized with a 2-dimensional channel. In [33], the 2-dimensional
theoretical limit of the on-resistance is analyzed using a
slanted field plate with a rectangular field distribution. This
result is

24/2

" V2. 4
E/’LEé BD ()

Ron - Ap =
The formula (3) and (4) only describe the drift zone of the
power device for a 2- (for GaN HEMT) or 3-dimensional
channel structure. Thus, the drift resistance is the specific
on-resistance: Rprirr = Ron-A2pssp- The forward voltage Vi
of a Schottky diode has two contributions, the turn-on voltage
of the Schottky metal contact and channel resistance due to
drift and substrate region. The forward voltage is given by

Jr

. KT
—_— _n ——
VED = ¢ + p ——

) + (Rprirr + Rsup) - Jr[32],

(5
whereas ®p is the Schottky barrier height, Jr is the forward
current density, Ax is the Richardson’s constant, T is the
temperature and Rsyp is the substrate resistance. However,
if the active diode is assumed, only the influence of the drift
resistance occurs for the forward voltage, which is given by

VE.AD = RprIFT * JF. (6)

Fig. 4 shows the forward voltage calculated by formula
(5) and (6) with the physical material properties for Si, SiC
and GaN from [32], [34] and a forward current density of
100 A/cm?. It shows that for low breakdown voltages the drift
resistance has a very small influence on the diode or Schottky
diode. At higher breakdown voltages with the correspond-
ing material, however, this part dominates. The theoretical
limits are based only on forward and breakdown voltage of
unipolar devices. However, the switching characteristic is im-
portant especially for fast switching applications, which is
shown in the FOM of the product of on-resistance and gate
charge (Ron-Qg) as a function of the breakdown voltage Vgp
[35]. Due to the low reverse recovery charge of SiC Schot-
tky diodes, they are preferred for fast-switching applications,
while PiN rectifier diodes are used for rectification of the
mains voltage. PiN diodes, however, are bipolar devices for
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FIGURE 4. Theoretical physical limits for the replacement of a diode by an
active diode: (Left) Forward voltage as a function of the breakdown
voltage for a diode and active diode and (right) Conduction loss reduction
as a function of the breakdown voltage. Both for the material Si, SiC as
well as GaN (2-dim. and 3-dim.) and the forward current density of

100 A/cm? scaled to the area.

which the theoretical limits in Fig. 4 do not apply. Fig. 4
also shows the conduction loss reduction as a function of
the breakdown voltage for the same forward current density
scaled to the area. The conduction loss reduction is calculated
from the ratio of Vg ap/VEp, which is proportional to the ratio
of the conduction loss. It can be seen that the conduction re-
duction decreases with increasing breakdown voltage. For SiC
and GaN, the percentage reduction over a larger breakdown
voltage range is higher than for Si. It should be mentioned that
these are the maximum ideal limits of these materials related
to the chip area. However, conduction losses are not the only
losses of the diode or active diode.

1ll. GAN POWER IC DESIGN

This section presents the design of the monolithic integrated
GaN active rectifier diode in a p-GaN power IC platform.
The platform with building blocks is presented in [36]. A first
hybrid design was published in [37]. The active diode consists
of the three parts: power switch, control and voltage supply
generation, which are shown in Fig. 5. The target application
of the design is to replace rectifier diodes in mains application
at 110/230 Vzc and 50/60 Hz. The mode of operation is ex-
plained in detail in Section III-B. Fig. 5 also shows the circuit
schematic with the external components (Rsgnsg, R3, Rs, R,
C1, C2, C3). These are realized externally for flexibility during
testing, but can also be integrated. The GaN power IC has a
chip area of 3x2.5 mm?. The area of the control and supply
generation is only 36.7% while the power device is 63.3% of
the chip area.

A. POWER HEMT

In order to have a certain safety margin in mains applications,
the power HEMT belongs to the 600 V-class. With a very
high gate width >100 mm, a high current carrying capacity is
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provided. Fig. 1 shows the GaN power HEMT with its output
characteristic. The HEMT is operated in the 3rd quadrant:
Ir = Is and Vg = Vgp. Usually, the threshold voltage of an
e-mode HEMT is between 1-2.5 V. If the HEMT is turned off,
V1o = Vgs — Vru is valid in the third quadrant or reverse
conduction [38]. At Vgs = 0 V, the HEMT behaves like a
diode or also called lateral field-effect rectifier (LFER) in the
reverse conduction. The slope in the off-state is lower than in
the on-state (Ronrvs > Ron, see Fig. 1). The active diode
is first in the off-state (e.g., Vgs = 0 V) and then changes to
the on-state (e.g., Vgs = 5 V) or vice versa. The voltage drop
in reverse conduction is 2-3 times higher for the GaN HEMT
than that of the MOSFET’s body diode [3], [14]. To further re-
duce conduction losses, an Schottky barrier diode (SBD) can
be integrated in parallel with the HEMT as a free-wheeling
diode (FWD). This results in a lower turn-on voltage Vo and
a reduced on-resistance in the 3rd quadrant. A FWD can be
integrated in an area-efficient way [35], [38]. However, the
high voltage drop in revere conduction of a HEMT without
FWD can also be used advantageously for the voltage supply
generation.

B. CONTROL

In general, the control of the active diode consists of a gate
driver and a unit for detecting the turn-on and -off point. The
gate driver (in Fig. 5: Qs-Q9. D>, C1) ensures fast turn-on and
turn-off switching. GaN-based gate drivers have already been
described in many publications [39], [40], [41], [42], [43],
[44], [45], [46], [47], [48], [49], [50], [51], [52]. There are
several approaches to realize the control unit, e.g., by detect-
ing the voltage polarity with [16], [21] and without current
mirror [19], [23], or by detecting the current with current
mirror and transimpedance amplifier [18]. An advantage of
an additional current mirror is the reduction of the reverse or
blocking voltage at the input of the detecting unit. Therefore,
control units with current mirror are more suitable for active
high-voltage diodes used in mains application [5], [20].

The standard detection method is the voltage detection. The
anode voltage Vj is compared with the cathode voltage V¢ in
an operational amplifier, comparator or hysteresis compara-
tor. Often the anode voltage is additionally increased by a
reference voltage [17], [22], [23], [53], [54]. In the SmartRec-
tifier product portfolio from Infineon/ International Rectifier,
a hysteresis comparator is used to have two thresholds Vrp;
and Vo for turn-on and -off switching of the active diode.
Another operational amplifier is needed for a third threshold
voltage. Additional control logic has been incorporated a min.
on and off time to prevent false turn-off. The threshold volt-
ages are in the range between 0-23 mV (Vryp), 50-263 mV
(VrH2), and —2.5-5.4 V (Vm3) [53], [54].

A rather uncommon method is the current detection with
sense transistor (SenseFET) in an active diode [18]. With the
SenseFET approach, the current through the main transistor
Q) results in a proportional current through the sense or mirror
transistor Q5 if the intrinsic behavior of the transistors are
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FIGURE 5. The GaN active rectifier diode realized in a p-GaN power IC platform for active rectification with the three parts: power HEMT, control, and
voltage supply generation. (Left) Circuit schematic also with the external components Rsense, Rs, Rs, Re, C1, C2, C3 and (right) Chip photo with a total chip

area of 3x2.5 mm?.

similar. This current mirror ratio k is defined as

I Wi R
k= D@ _ W@ _ Rovar e
Ip Q1 Wa,01 Ron,qQ2

whereas Ip is the drain current, Wg is the gate width and Ron
is the on-resistance. The SenseFET approach is also called
SenseGaN using GaN [55]. A transimpedance amplifier is
connected to the sense transistor which converts the current
into a voltage. This amplifier requires a negative voltage sup-
ply. Also known in this context as virtual ground sensing
[56]. The current threshold can be adjusted with an additional
reference voltage. The output signal is usually further analog
processed before it controls the gate driver.

Another novel approach of this work (Fig. 5) is the com-
bination of current and voltage detection. Similar to [16], the
current is detected by a sense transistor Q> and an additional
sense resistor Rspnsg. The voltage drop Vsensg across the
resistor is given by

RSENSE

—— [37]
RseNSE + Ron,Q2

Vsense = Ip,q1 - RoN,Q1 -

= — IF . RON,Q] |k<<1, RSENSE>RoN, Q2 (8)

For the ratio between the on-resistance of the main and
mirror transistor Kk = Ron,Q1/Ron,g2 < 1/100 should apply
and the sense resistor should be highly resistive, e.g., 10 k€2,
which already described in a work of the author [37]. With
this dimensioning, O, has only a small influence on the sense
path. Following the input network, the voltage Vsgnsg is am-
plified by a common-gate circuit. Fig. 6 shows the output
characteristic of the common-gate stage. With the bias volt-
age, the curve can be shifted to the left or right. It should
apply VBias < Vr1H,Qs, Where Vs is the threshold voltage
of the transistor Qs in the common-gate stage in Fig. 5. The
bias voltage Vpias can be provided by a voltage divider or
a current mirror (as in Fig. 5 realized by Q3 and Q4) and
for the current mirror, this results in Vpias = Vtu,qs4. The
threshold voltage of e-mode HEMTs with same voltage class
should be nearly equal and homogeneous in a GaN power IC
platform, therefore Vry 04 = VrH,Qs5 applies. Vgias > Vrn is
very critical, because this adjustment can lead to a permanent
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FIGURE 6. (Left) Output characteristic of the common-gate stage and
active diode and (right) Mode of operation in a half-wave rectification with
sinusoidal input voltage Vyer of the GaN active rectifier diode, which is
shown in Fig. 5.

turn-on of the main transistor. The gain applies to the max.
gradient in the output characteristic curve. The lack of p-type
devices lead to a low single stage gain of about 10 V/V in GaN
[57]. Fig. 6 also shows the mode of operation in a half-wave
rectification with sinusoidal input voltage VNgT and resistive
load Ry, of the GaN active rectifier diode, which is shown in
Fig. 5. The two threshold voltages Vg and Vi are plotted
in the time diagram and projected into the output characteristic
with hysteresis of the active diode. The hysteresis is caused
external positive feedback of the control to Q1/Q> and re-
quires no internal positive feedback as in the case of voltage
detection with hysteresis comparator. The output signal of the
common-gate stage Von/orr must also be inverted to control
the active diode correctly. A gate driver stage is used addition-
ally to ensure a fast switching of the main transistor Q1. With a
higher value of R3 or Vpjas an earlier turn-on or later turn-off
of the active diode can be achieved by reducing the threshold
voltages. The advantage compared to other concepts is the
simplicity of the common-gate stage, which causes hystere-
sis without complex high-gain amplifiers such as operational
amplifiers or comparators. The input network consisting of
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a sense transistor and resistor also enables the use in mains
applications, which was also presented (not monolithically
integrated) by the author in [37] and a patent application
was filed by the author in [58]. The author’s novel approach
combines the advantages of voltage and current detection with
a simple readout circuit.

C. VOLTAGE SUPPLY GENERATION

An internal voltage supply generation is required to realize
a true two-terminal active diode. There are two possibilities
for providing a supply voltage. One possibility is to take the
energy for the supply voltage in the conducting phase and
the other possibility is to take it in the blocking phase. Both
options have advantages and disadvantages and can be real-
ized by conventional concepts such as charge pumps, linear
regulators or Zener diodes. A disadvantage of the generation
in the conducting phase is that the voltage drop over the active
diode is very small <1-4 V. In addition, the supply must be
able to block the complete reverse voltage of the active diode.
There is an approach that uses the input network of sense
transistor and resistor of the control and then increases the
voltage Vsensg by a charge pump to the desired supply volt-
age. The supply voltage would be available after a certain time
[16]. This possibility is very complex due to the low voltage
(Vsense < Vi). However, an additional half-wave rectification
is necessary in the blocking phase consisting. The challenge
with generation in the blocking phase is that the supply volt-
age should be available in the complete conduction phase and
must therefore, be stored. The voltage range is very high in
the blocking phase and conventional concepts such as Zener
diode or linear regulator can be used to realize a stable supply
voltage. Fig. 5 exemplary shows a design of a voltage supply
generation for the blocking phase. This design is particularly
suitable for mains applications. The configuration consists
of half-wave rectification and high-voltage linear regulator,
which generates the supply voltage. The half-wave rectifica-
tion is implemented by a high-voltage diode D;. The rectified
voltage Vpos have to be stored by at least one capacitor, be-
cause the supply voltage must be guaranteed in the conducting
phase of the active diode. The size of the input capacitor C3 is
strongly dependent on the current consumption of the control,
but can also be operated without. The input voltage VN of the
linear regulator corresponds Vpog, while the output voltage
Vour is equal to Vpp. Fig. 5 shows a completely novel type
of linear regulator. As usual, this linear regulator also consists
of a pass element Qjg, a feedback network Rs/Rs and an
error amplifier Q11-Q15. The error amplifier in this case is a
differential amplifier with current source loads. It compares
the feedback voltage Vpp with a reference voltage Vrgr. The
diode-based reference voltage is realized by a current source
Q13 and a diode Ds3. A feature of this linear regulator is that the
pass element is a d-mode transistor. This avoids the need for a
charge pump with n-type transistors for a higher overdrive or
low dropout. In addition, the transistor Q¢ has an integrated
free-wheeling diode [35], which is required for the conditions
where Vpogs is less than Vpp.
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FIGURE 7. Static measurements of the main transistor Q,; of the two
samples. (Left) Output characteristic with Vgs = 0-5 V/1 V. (Right)
Breakdown characteristic at Vgs = 0 V.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
The IC shown in Fig. 5 was processed and fabricated in two
different multi-project wafer runs but with the same layout.

Fig. 7 shows static measurements of the main transistor
Q1. The IV characteristic shows six curves with gate-source
voltages Vgs from O to 5 V. The on-resistance is 161 mS2
at [Vps| = 1V, Vgs = 5 V. The 2DEG sheet resistance has
a value of 1108 /0. The transistor Q; requires an area of
475 mm?, which result in a RoN.A of 7.65 m§cem? or a
forward voltage of 0.765 V scaled with a forward current
density of 100 A/cm?. The off-state (drain) leakage current
is 38.3 uA at Vps = 300V, Vgs = 0 V. The threshold voltage
is 1.6 V. With GaN technology optimization, the on-resistance
can be further reduced to values <161 mS.

In the next step, the GaN active rectifier diode is char-
acterized in a half-wave rectification in a mains application
(110/230 Vc, 60/50 Hz) with a resistive load Ry, up to a
forward current of 6 A, as shown in Fig. 6. For this purpose,
another device with a higher on-resistance of 320 m<2 but
similar process parameters was taken from a second GaN
technology process run. Fig. 8 shows the time signals for the
half-wave rectification. The supply voltage Vpp of 5 V is re-
alized externally. The supply current is ~0.7 mA (in standby)
and ~3 mA (in switching operation). The supply current can
be decreased by reducing the current through D;, Qg, and Q7.
This in turn slows down the turn-on and -off transition. Vsgnsg
changes the polarity at voltage zero crossing. This voltage is
amplified by the common-gate stage and then inverted by the
bootstrapped NOT gate. The bias voltage Vpias is 1.5 V. The
turn-on and turn-off point is not symmetrical and shows a kind
of hysteresis behavior. The turn-on delay of the control is ~6.2
ps and the turn-off delay is ~0.2 ps. The reverse voltage Vg
was additionally measured using a clamping circuit (clipper
clp1500V15A1), which has a non-linear behavior and satura-
tion at VR ~ 1.8 V. With higher temperature, the on-resistance
increases, similar to commercial GaN HEMTs or power ICs,
and thus the forward voltage increases.

Fig. 9 shows the results as IV curve of the GaN active recti-
fier diode as combination of static and transient measurements
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TABLE 1. Comparison of Different Active Diodes

Parameters SM74611 [9] AOZ7270DI[5] LMG342xR030 [30] Y. Kagawa et al. Y. Senzaki et al. This work
ISPSD’2009 [16] PCIM’2020 [10]
Kind of active diode Bypass diode Rectifier diode HEMT with driver' Rectifier diode Rectifier diode Rectifier diode
Device Rating 30 V/IIS A 600 V/20 A 600 V/40 A 200 V/~50 A >15V/~100 A 600 V/15 A
Realization Package Package Package Multiple Packages Package IC (monolithic)
Power device MOSFET MOSFET HEMT 2x MOSFETs MOSFET, Z-Diode HEMT
Control component Control IC Min. 1x control IC Control IC Control IC Control IC Int. control (mono.)
Switching frequency - 50-60 Hz Max. 2.2 MHz 60 Hz 800 Hz >1000 Hz
Switching thresholds - -105 mV (ON), 0V/0 A (ON/OFF)  ~300 mV (ON), ~600 mV (ON) ~300 mV (ON),
1 mV (OFF) ~100 mV (OFF) ~100 mV (OFF)
Delay times ~3 ms (ON, max. For 50 Hz sinusoidal 50 ns (ON), ~1 ms (ON), ~50 ns (ON) ~6.2 pus (ON),
on-time ~100 ms) 50 ns (OFF) ~0.5 ms (OFF) ~0.2 us (OFF)
Two-Terminal Device Yes No No Yes Yes Yes
Kind of supply. gen. Charge pump - - Charge pump Half-wave rec. Half-wave rec. with
(Conducting phase) (Conducting phase)  (Blocking phase)  HV linear regulator
(Blocking phase)
Supply voltage - 16V 7.5-18 V - - 5V
Supply current - 5-12 pA 0-220 mA - - ~3 mA
Add. int. components Bulk capacitor - - - Bulk capacitor (monolithic)
() Can be used as active rectifier diode due to the “ideal diode mode” of the integrated driver
110 V,,60 Hz 230 V,,50 Hz 6 ——T—Tr 0.5 T
300 f ! ] T ,,“?
—_ &
=200} . 4t al!
p 0.0 et yClipper in
> 100 H - — 00 02 04 [sturation —
< < 0.0 m Ves=0V |
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1 Ve V] Ve [V]
E oF FIGURE 9. IV curve of the GaN active rectifier diode as combination of
W I static and transient measurements at 110 Vpc. (Left) Forward characteristic
ﬁ_1 L i with inset. (Right) Reverse characteristic.
>
_2 1 L

ON/OFF|
Vas

20 40

6
4F »

; 1 .
0 Voo [
2 L

0.0 16.7

334 0
Time t [ms]

FIGURE 8. Transient measurements of the reverse voltage Vg, forward
current /¢ and the voltages Vsense, Veias, Vonyore, Vop and Vs in a
half-wave rectification. (Left) 110 Vac, 60 Hz. (Right) 230 Vac, 50 Hz.

at 110 Vac (Fig. 8, left) between 0—16.7 ms and demonstrates
the function of the novel device approach. Both forward and
reverse characteristic are shown. The turn-on/-off threshold
voltages of the active diode circuit are unsymmetrical as de-
scribed above and result in ~0.3 V and ~0.1 V, respectively
(as shown in the inset of Fig. 9 (left)). By a different di-
mensioning of the gate circuit these threshold voltages can
be further optimized. In detail, the threshold voltages (shown
in Fig. 6) can be shifted closer to 0 V by either reducing the
bias voltage or the resistance of the common-gate stage. The
turn-on voltage of the active diode is already lower than the
turn-on voltage of the diode at Vgg = 0 V starting from a
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forward current of ~100 mA. At Ir = 1 A, the forward voltage
of the active diode is 75% lower than that of the LFER. The
forward voltage decreases further with increasing current and
is proportional to the losses of the diodes. In addition to the
forward voltage reduction, rectification is possible in spite of
a failure of the voltage supply generation.

Table 1 shows a comparison of different active diodes. Only
the active diodes [5], [16], [30] are suitable for rectifying the
mains voltage, whereby [30] was developed for fast-switching
applications with “ideal diode mode”. In all approaches some
kind of package integration is aimed, at except in this work,
which achieved to monolithically integrate all components of
the active diode. This can also have advantages in terms of
power density. The delay times of this work is in the ps-range
enabling low voltage switching thresholds, which in turn al-
low a high switching frequency in the range of >1 kHz beyond
the 50 Hz application demonstrated in this work. At higher
switching frequencies, the abcence of the body diode and the
associated zero reverve recovery of the GaN active rectifier
diode is a significant benefit. The supply current measured in
this work can be further reduced by minimizing the additional
power of the supply generation and optimized dimensioning
of the logic, sensing, and driver circuit. Thus, the performance
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of the GaN active rectifier diode can be further improved in the
future, making this concept of monolithic integration in GaN
even more attractive in terms of cost, efficiency and perfor-
mance. The approach can also be combined with other new
GaN-based device concepts, e.g., the dual-gate GaN mono-
lithic bidirectional switch with self-reverse-blocking behavior
[59] by replacing the low-voltage Si Schottky diode.

V. CONCLUSION

In this work, a GaN active rectifier diode is presented. For this
purpose, the theoretical limitations for rectifier diodes from
the circuit point of view for M1U, M2U, and B2U, as well as
physical limitations when replacing the diode with an active
diode, but only with regard to the reduction of conduction
loss, are analyzed. The advantages of an active diode and
the aspiration of an GaN active diode are thus clarified. The
design of the components power switch, control and voltage
generation of the active diode with reference to the realization
in the GaN-on-Si technology are explained. The manufactured
GaN active rectifier diode as GaN power IC requires only
36.6% of the chip area for control and supply voltage gen-
eration while the power switch is realized on the remaining
chip area. The control consists of a combination of current
and voltage detection by a sense transistor and a subsequent
amplifier stage. This simple concept allows monolithic inte-
gration and hysteresis with two threshold voltages for turn-on
and -off. The GaN active rectifier diode is measured in a
half-wave rectification at 110/230 V¢, 60/50 Hz with an
appropriate resistive load to demonstrate forward currents up
to 6 A. The delay times until the HEMT is turned on/off are
in the ps-range, resulting in a turn-on/-off threshold voltage
of ~0.3 V and ~0.1 V, respectively. The GaN active rectifier
diodes can directly replace rectifier diodes by the two-terminal
realization and be more cost-effective than package-integrated
active diodes in the future.
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