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A Dual-Mode Driver IC With Monolithic Negative
Drive-Voltage Capability and Digital Current-Mode
Controller for Depletion-Mode GaN HEMT
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Abstract—This work presents a driver and controller inte-
grated circuit (IC) for depletion-mode gallium nitride (GaN) high-
electron-mobility transistors (HEMTs). The dual-mode driver can
be configured for cascode-drive (CD) or HEMT-drive (HD) mode.
In the CD mode, a cascode low-voltage DMOS is driven to achieve
high-speed normally OFF operation. An active clamping circuit is
proposed for the DMOS breakdown protection. In the HD mode, an
HEMT gate driver with negative drive-voltage capability and pro-
grammable slope control is presented. A digital peak current-mode
controller is also integrated with the dual-mode driver. The IC
was implemented in a 140-nm automotive bipolar-CMOS-DMOS
silicon-on-insulator process. The driver/controller IC is copack-
aged with an optimized 600-V GaN HEMT fabricated in a GaN-
on-Si process. The solution was verified to operate at up to 1 MHz
in a 35-W boost converter prototype and achieves a programmable
switching-node dv /dt of up to 20 V/ns. To the best of the author’s
knowledge, this is the first monolithic integration of a cascode
MOSFET, device driver, and digital current-mode controller that
is designed specifically for high-voltage GaN devices.

Index Terms—Current-mode control, device driver, gallium ni-
tride, high electron mobility transistor, integrated boost converter.

1. INTRODUCTION

ALLIUM nitride (GaN) power devices are leading to
G a technological revolution in power electronics by of-
fering higher power density through increased switching fre-
quency and reduced switching losses. It is projected that GaN
devices will have significant growth in applications such as
electric vehicles and renewable energy [1]. Depletion-
mode (normally ON) GaN high-electron-mobility transistors
(HEMTs) have been widely used with a series-connected low-
voltage (LV) Silicon (Si) MOSFET to achieve normally OFF
behavior in a cascode structure. The attractive benefits of the
depletion-mode GaN HEMT are motivating numerous research
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Fig. 1. Cross section of a depletion-mode GaN HEMT.

efforts in high-frequency dc—dc boost converters [2], [3], power-
factor-correction boost converter [4], dc—dc buck, and LLC res-
onant converters [5]. While high-voltage (HV) enhancement-
mode (normally OFF) GaN devices have been demonstrated [6],
[7], depletion-mode GaN HEMTSs are typically superior in
intrinsic performance. Additional process steps such as the
recessed-gate technique and fluorine-based plasma treatment
are required to obtain enhancement-mode GaN HEMTs [8],
which increase the cost of the fabrication and impact the device
performance.

The depletion-mode GaN HEMT used in this work was man-
ufactured in NXP’ s standard Si production fab, the cross section
is shown in Fig. 1. The device has a measured leakage current
of 1 pA/mm and an R, - A of 2.5 mQ - cm? [9], as shown in
Fig. 2(a) and (b), respectively. While the R,, - A of existing Si
and silicon-carbide (SiC) power devices have almost reached
their theoretical limits, the R, - A of GaN devices can still be
further improved.

The most popular driving scheme for a normally ON device
is the cascode-drive (CD) structure, as shown in Fig. 3(a). An
LV Si MOSFET is connected in series with the HV GaN HEMT,
and the gate of the HEMT is tied to the source of the MOSFET.
The LV MOSFET only adds a small R,, penalty due to the
relatively low Ry, - A product of the LV MOSFETs compared
to HV devices. A conventional MOSFET driver can be used
to drive the LV MOSFET at high speeds. The cascode device
has a normally OFF characteristic, as shown in Fig. 4, where
the drain-to-source current, I4, is plotted versus the gate-to-
source voltage, Vys, when Vg, = 5 V. The threshold voltage of
the cascode device is essentially the threshold voltage of the
LV MOSFET. The HV GaN HEMT does not have an intrinsic
body diode; however, the body diode of the cascode LV MOS-
FET serves as the body diode for the whole cascode device.
During dead-time when the body diode of the LV MOSFET
conducts, the HV GaN HEMT is turned ON since its Vg is now
positive and equal to the voltage drop of the body diode. This
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Fig. 2. Measured (a) leakage current and (b) R, - A of the depletion-mode
GaN HEMTs [9].
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Fig. 3. Normally ON device driver. (a) CD and (b) HD schemes.

third-quadrant operation with the LV MOSFET being off has
been shown in [5].

The normally ON device can also be driven directly with
a negative gate voltage to turn it OFF, as shown in Fig. 3(b).
This scheme is referred as HEMT drive (HD) or direct drive.
A cascode MOSFET is still required since if the negative sup-
ply voltage is not available during start-up or fault conditions,
the MOSFET can be turned OFF to switch OFF the HEMT.
During normal operation, the MOSFET is kept on. The I4,—V
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Fig. 4. GaN HEMT and cascode device Iys versus Vg plots (Vgs = 5 V).

relationship of the GaN HEMT device used in this work is
shown in Fig. 4, where the threshold voltage of the GaN HEMT
is —1.8 V.

The cascode and direct drive schemes were previously
demonstrated for SiC junction field-effect transistors (JFETS),
which are also normally ON devices. It was concluded that the
CD scheme has larger switching losses, due to the driving of
the cascode LV MOSFET [10], [11]. The CD is also an indi-
rect driving scheme, which offers less controllability over the
device switching behavior [10], [11]. The direct drive requires a
negative driver supply to be present to keep the SiC JFET OFF;
therefore, start-up and supply fault conditions have to be studied.
In [12], the power-up protection was investigated to ensure the
safety of SiC JFET-based inverters. The direct drive scheme was
also implemented in an integrated circuit (IC) with an on-chip
negative voltage regulator for SiC JFET, and the operations of
start-up and power-down were demonstrated; a cascode PMOS
is used to reduce the stray inductances of the driver loop for re-
duced switching losses [11]. In [13], a self-powered gate driver
was proposed for a SiC JFET without the need for any dedicated
driver power supply; however, it requires a number of compo-
nents including two transformers, which are not suitable for IC
implementation.

In this work, the focus is the implementation of a
driver/controller IC for GaN HEMTs, in low-power applications
(<100 W), where compact and low-cost solutions are more de-
sirable. Both the CD [2]-[5] and HD [14], [15] schemes have
been previously reported for GaN HEMTs. In [2]-[5], an ex-
ternal driver IC is used to drive a copackaged cascode device.
The driver in this work is integrated with an LV DMOS to form
the cascode configuration with an HV GaN HEMT. Existing
HD solutions require either a negative driver supply [14] or ex-
ternal bootstrap circuits [15]. The proposed HD mode driver
has a fully integrated inverted bootstrap circuit to generate the
negative gate voltage, digital programmable slope-control capa-
bility for fulfilling electromagnetic interference (EMI) require-
ments, and an integrated charge pump to handle the gate leakage
of the HEMT. A digital peak current-mode controller is also
integrated by using the cascode DMOS as a sensing resistor.
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Fig. 5. Proposed CD mode architecture with active clamping to protect the
LV MOSFET.

The driver/controller IC was implemented in a 140-nm bipolar-
CMOS-DMOS (BCD) silicon-on-insulator (SOI) process. The
BCD IC was copackaged with the GaN HEMT to form a single-
package solution for a high level of integration, and was verified
in a 35-W boost converter prototype.

This work is an extension of [ 16], with additions of implemen-
tation details, integrated current-mode operation, and entirely
new experimental results. This paper is organized as follows.
Section II presents the implementations of the dual-mode driver
and integrated digital peak current-mode controller. The exper-
imental results are reported in Section III.

II. DRIVER/CONTROLLER IC ARCHITECTURE
A. CD Mode With Active Clamping

The integrated cascode DMOS, M, is a 130-m{2 and
20-V device, driven by a high-speed CMOS driver, as shown in
Fig. 5. In the CD mode, the gate of the HEMT, GH, is shorted
to the source of M,,. It has been shown that the drain of M,,,
Vin, can reach the breakdown voltage of the LV device. This
reliability concern was previously addressed by an additional
off-chip capacitor in [17], which increases cost and packaging
complexity.

In this work, a 10-V Zener diode, ZD, is connected from V.,
to the output of the driver, as shown in Fig. 5. When the driver
output is low, V4, is clamped by Z D. When the driver output is
high, the diode D; blocks the path to Vi,,, which is pulled low.
This clamping circuit actively prevents the breakdown of M,,,
and the operation is simulated, as shown in Fig. 6, where the
CD mode architecture is used as a low-side switch in a boost
converter. After the turn-off of the DMOS, M,,, Ipmos goes to
0 A. ZD is ON and conducts current Izp, and Vi, is clamped
to 10 V. When there is excessive charge on the V4, node during
the turn-off, M,, can be turned ON slightly by the combination
of the high current in ZD and the finite pull-down resistance in
the CMOS driver. This helps the clamping circuit to discharge
the V4, node.
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Fig. 6.  Simulated CD mode operation showing Vi, node is actively clamped
below 11 V when M,, is switched OFF.
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Fig. 7. Proposed HD mode architecture with inverted bootstrap circuit.

B. HD Mode With Programmable Slope Control

HD mode was also implemented to take advantage of its direct
gate control of the GaN HEMT. The HD mode architecture is
shown in Fig. 7, which consists of a current-mode driver and
an inverted bootstrap circuit. Unlike the push—pull-type CMOS
driver in the CD mode, the current-mode driver operates at a
controlled current level, Ipry. With a small external capacitor,
Célope, the current-mode driver can control the rising and falling
slopes of the switching node, V.. This slope control can be used
to fulfill any specific EMI requirement [18]. A similar method
was also used for SiC JFET in a cascode configuration for EMI
control in [19]. With the proposed HD mode architecture, the
dV, /dt slope is given by

dV,  Iprv
dt Gﬂlope

D
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and Ipgy is programmable through a serial peripheral interface
(SPI). Cyjope is an HV capacitor and is, therefore, implemented
off-chip. The value of Cgop. should be chosen to be a few
times larger than the gate-to-drain capacitance, C'yq, of the GaN
HEMT, such that the nonlinearity of Cyq does not impact the
overall dV, /dt slope. Ipgry should be chosen to achieve the
desired dV;. /dt slope, which needs to be fast enough for the
target switching frequency. The value of Cljope used in this work
is in the range of a few picofarads, and Ipry can be programmed
from 10 to 100 mA.

As discussed in Section I, HD mode requires a negative gate
voltage to turn OFF the HEMT. This is accomplished by using a
fully integrated inverted bootstrap scheme without the need of a
negative driver supply, as shown in Fig. 8. A discrete version of
the inverted bootstrap technique was previously demonstrated
in [15], with external components and without slope control
capability. The operation of the proposed bootstrap circuit is
described as follows:

1) HEMT on-state: When the output of the current-mode
driver, DRV, is driven to 3.3 V, the bootstrap diode, Dy,
conducts and the gate of the HEMT, GH, is 0 V, which
turns the HEMT ON.

2) HEMT off-state: When DRV is driven to 0 V, Dy, turns
OFF. GH becomes —3.3 V, which is maintained by the
bootstrap capacitor, Cpoo, and the HEMT, which has a
threshold voltage of —1.8 V, is turned OFF.

The simulation results in the HD mode with Ipry of 25 and

100 mA, and Cqjope of 1 pF are shown in Fig. 9. The negative
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Fig. 9. Simulated HD mode operation showing the negative gate switching
achieved by the inverted bootstrap circuit.

gate switching is achieved at the gate of the HEMT, GH, and
the slope of switching node, V., is controlled. The bootstrap
capacitor, Cyoo = 2 nF, is fully integrated. This is only possi-
ble due to the low gate charge of the GaN HEMT. The boot-
strap diode, Dy, is implemented with an active transistor for
the LV of 3.3-V operation. In the HD mode, M,, is always
ON. For added reliability, M,, can be turned OFF by an under-
voltage-lock-out (UVLO) block if Chee gets discharged in fault
conditions. During start-up, M,, is kept OFF until the driver
supply of 3.3 V has been reached, to ensure normally OFF
operation. The proposed current-mode driver and inverted boot-
strap circuit can then be enabled for operation. Since the driver
supply was not integrated and an external power supply was
used, the start-up function was performed manually during the
experiments.

The GaN HEMT has a Schottky gate structure with a leakage
current in the range of tens of microamperes. Although the
leakage current has been reduced by device improvements, it
remains a challenge for gate driver designs. In this work, a
high-frequency charge-pump circuit is used to replenish Cygot,
as shown in Fig. 7. The charge pump operates in two phases
when the HEMT is OFF, at a programmable high frequency of 8
and 16 MHz, as shown in Fig. 10(a). The addition of the charge
pump circuit guarantees the turn-off of the HEMT under static
conditions. The transistor-level implementation of the inverted
bootstrap circuit and the charge pump is shown in Fig. 10(b).
The integrated charge pump capacitor, Ceharge, is 100 pF, which
is minimized by the high-frequency operation.
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C. Integrated Current-Mode Controller
With Off-Time Generator

Integrating the driver and controller on the same IC can
achieve a more compact solution. Although GaN-based pulse
width modulation (PWM) circuits have been demonstrated
in [20], Si-based controller ICs can deliver more advanced con-
trol features and are much more cost effective. The proposed
current-mode controller is shown in Fig. 11. The peak of the
inductor current, 4, (t), can be digitally controlled using a com-
bination of the on-chip 10-bit digital-to-analog converter (DAC)
and the high-bandwidth closed-loop senseFET-based (Mgepse)
current sensor. A high-speed amplifier is used to equalize the
drain voltage of Mense, Vienses With the sampled drain voltage
Vins. The sensed current in My 1S mirrored into a current-
mode comparator. The reference for the comparator is set by
a flash-based current-mirror DAC, whose input is derived from
the SPIL. The current-sensor output was designed to track iy, (t)
within 40 ns of the turn-on transient. The use of the cascode
structure is inherently useful for current-mode operation, as the
LV cascode device shields the sensor from the HV switching
node.

The conventional fixed-frequency peak current-mode con-
troller requires slope compensation in continuous-conduction
mode (CCM), when the duty ratio D is greater than 0.5 [21].
Slope compensation can limit the control bandwidth and needs

(b)

(a) Charge pump operation in the HD mode. (b) Transistor-level implementation of the inverted bootstrap circuit with charge pump.
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: set
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i /C,

set

Fig. 12.

to be adaptive for converters with a wide operating voltage
range [22]. An adaptive off-time control method can be used
to achieve fixed switching frequency without slope compensa-
tion [23]. The off-time generator (OTG) in this work consists of
a programmable current-DAC, a capacitor, C, and a compara-
tor, as shown in Fig. 12. (' is reset to 0 V during on-time. The
off-time ¢, is determined by the OTG and is given by

k1 V,Cy

set

@

tofr =

where £V is the scaled converter input voltage and i can be
programmed to achieve the targeted ¢, Since

ton
=_ o 3
tnn + toff ( )
and
1 1 D 1-D
fmm === )
s ton + toff ton toff

by setting a proper o, the desired switching frequency fs can
be achieved for a given converter topology. By programming
tofr digitally, variable-frequency operation can be achieved for
efficiency optimization, as demonstrated by [24] for a flyback
converter at light loads.
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Fig. 13.  Packaged GaN HEMT with driver/controller IC and its micrograph.
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Fig. 14.  Experimental boost converter that utilizes the copackaged solution.

TABLE I
PROTOTYPE SPECIFICATIONS

Specifications Value Unit
Input Voltage, V, 50-150 v
Output Voltage, Vou 200 \Y%
Sw. Freq., f uptol  MHz
Rated Power, Pyaeq 35 W
Inductor, L 200 nH

III. EXPERIMENTAL RESULTS

The driver/controller IC was implemented in a 140-nm auto-
motive BCD SOI process. The BCD IC was copackaged with
a 570-m$2 depletion-mode GaN HEMT to minimize the inter-
connect parasitics. The package and the IC layout are shown
in Fig. 13. The BCD die measures 1.4 x 2 mm?, and the GaN
HEMT die measures 1.4 x 1.6 mm?.

The driver/controller IC requires a 3.3-V supply for the ana-
log and driver circuits and a 1.8-V supply for the digital cir-
cuits. To improve the noise immunity of the low driver supply
in an HV application, multiple bonding wires are used for the
driver supply and ground connections to reduce parasitic re-
sistance and inductance. The copackaged solution was tested
in a boost converter, as shown in Fig. 14, with specifications
listed in Table I. The boost converter prototype PCB is shown in
Fig. 15, with a customized inductor and a SiC diode. An exter-
nal analog-to-digital converter (ADC) and a digital voltage-loop
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Fig. 16. Measured switching waveforms at 500 kHz in DCM in (a) CD and
(b) HD modes (CH1: 1 A/div, Vy = 50V, Vo = 200 V).

controller are required for full closed-loop regulation. Since
the driver/controller IC was implemented in a deep submi-
crometer process, the complete control loop can easily be inte-
grated in the future. The copackaged solution can be used as a
driver/controller IC with an integrated LS HV switch for boost
and flyback converters.
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The switching waveforms for CD and HD modes in dis-
continuous conduction mode (DCM) at 500 kHz are shown in
Fig. 16(a) and (b), respectively. The switching waveforms for
CD and HD modes in CCM at 1 MHz are shown in Fig. 17(a)
and (b), respectively. In the CD mode, the drain of M,,, Vi, is
clamped to 11 V when M, is turned OFF, as designed. In the
HD mode, M,, remains ON and V., remains zero. The GaN
HEMT is actively switched by the inverted bootstrap circuit in
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Fig. 19. Measured bootstrap capacitor voltage at different leakage current

with charge pump operating at 8 and 16 MHz.
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the HEMT driver. The 0 to —3.3 V swing of the GaN HEMT
gate, GH, is shown in Fig. 18.

The measured bootstrap capacitor voltage when the HEMT is
OFFis shown in Fig. 19. The charge pump was loaded externally
to emulate different leakage currents in the HEMT. As expected,
the amplitude of the bootstrap capacitor voltage decreases as
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Fig.21. Measured current sensor output, Viense, in (2) CD and (b) HD modes.

the HEMT gate leakage current increases. By operating the
charge pump at higher switching frequency, a higher ampli-
tude of the gating voltage can be achieved. The programmable
slope control capability in the HD mode is also demonstrated
in Fig. 20(a) and (b), for the falling and rising slopes of V.
node, respectively. With Cyope = 1 pF, variable slopes from 7 to
20 V/ns can be achieved with different settings of Ipry, which is
configurable through SPI. The slope control range can be further
extended by changing the value of Cjope.

The boost converter prototype was also tested in closed
current-loop operation. The current sensor output waveforms
are shown in Fig. 21(a) and (b), for CD and HD modes, respec-
tively. The current sensor output, Viense, tracks the rising slope
of iy, as designed. In the CD mode, since M,, is switched, the
current sensor tracks the current pulse that charges the drain-to-
source capacitance of M,,, as shown in Fig. 21(a). That pulse is
ignored by the blanking circuit, and the blanking time limits the
minimum duty cycle. In the HD mode, M, is always ON; no
pulsed sensing current is observed; therefore, a smaller blanking
time is used.

As discussed in Section II, fixed-frequency peak current-
mode control suffers from current oscillation when D > 0.5
without slope compensation. This was also experimentally ver-
ified, as shown in Fig. 22(a). The switching cycle is initiated
by a 500-kHz clock. In Fig. 22(b), the OTG is used instead
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Fig. 22. (a) Measured closed current-loop operation when D > 0.5 showing
unstable current oscillation without slope compensation. (b) Current oscillation
is avoided using the OTG.
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Fig. 23.  Measured boost converter efficiencies in both driving modes (V, =

150V, Voue = 200 V, and f; = 1 MHz).

and the current oscillation is eliminated. The Vi, signal in the
OTG is reset to 0 V during on-time. The switching frequency is
controlled to be approximately 500 kHz.

The efficiency of the boost converter was measured in the
CD and HD modes, as shown in Fig. 23. Peak efficiency of
94.5% is achieved with switching frequency of 1 MHz. Since
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TABLE II
COMPARISON OF CD AND HD SCHEMES

CD HD
Direct Gate Control X V4
Cascode MOSFET Vv v
Required
Driver Conventional MOSFET Negative gate swing and ability to
Requirement driver supply leakage current
Suitable Application Soft-switching Hard-switching

the CD has the fastest switching speed which reduces switching
losses, its light-load efficiency is slightly higher. At heavy load,
conduction losses dominate; therefore, CD and HD modes have
similar efficiencies. The measured driver current are 2.1 and
2.6 mA in CD and HD modes, respectively. The higher driver
current in HD mode is mainly due to the current consumptions in
slope control and charge-pump circuits. Since the driver supply
is only 3.3V, the driver power is insignificant compared to other
losses.

The CD and HD schemes are compared in Table II. The
cascode MOSFET with inherent body diode not only provides
driving and safety functions in CD and HD schemes, but also
eliminates the need to have a dedicated body diode in the GaN
HEMT. The CD scheme is based on indirect gate control, and
a conventional MOSFET driver can be used. The CD scheme
is more suitable for soft-switching applications in which the
cascode MOSFET can be switched at high speed. In contrast,
the HD scheme is based on direct gate control and requires
the HEMT driver to provide negative gate swing and ability to
supply leakage current. The HD scheme is more suitable for
hard-switching applications where programmable drive strength
is required to fulfill EMI requirements.

IV. CONCLUSION

The dual-mode driver IC presented in this work offers the
flexibility needed for a wide variety of high-frequency hard-
and soft-switching power converter applications. The HD mode
is particularly important in hard-switching applications where
digitally programmable slope control is important for EMI con-
siderations. The monolithic HEMT driver with negative gate
swing was successfully demonstrated. The charge pump can re-
plenish the bootstrap capacitor to prevent undesired discharging
caused by the leakage of the HEMT Schottky gate. The inte-
grated driver and controller allow fast switching, in excess of
20 V/ns, for up to IMHz operation. The cascode DMOS al-
lows for accurate digital peak current-mode control using the
senseFET approach. Advanced digital control schemes can be
easily implemented in the same process technology in the fu-
ture. To the best of the author’s knowledge, this is the first
monolithic integration of a cascode MOSFET, device driver,
and digital current-mode controller that is designed specifically
for HV GaN devices. Future work includes the integration of the
voltage-loop controller and ADC and full closed-loop demon-
stration.
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