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Hybrid CMOS/GaN 40-MHz Maximum 20-V Input
DC-DC Multiphase Buck Converter

Eyal Aklimi, Student Member, IEEE, Daniel Piedra, Student Member, IEEE, Kevin Tien, Student Member, IEEE,
Tomds Palacios, Member, IEEE, and Kenneth L. Shepard, Fellow, IEEE

Abstract— This paper presents a 40-MHz hybrid CMOS/GaN
integrated multiphase dc-dc switched-inductor buck converter
with a maximum 20-V input voltage. The half-bridge switches
are realized using lateral AIGaN/GaN HEMTs, while the drivers
and other circuitry are implemented in standard 180-nm CMOS.
The interface between the CMOS and GaN dice is achieved
through face-to-face bonding, reducing inductive parasitics for
the connection to less than 15 pH. A capacitively coupled level
shifter provides the gate drive for the high-side GaN switch using
5-V CMOS devices. The converter demonstrates 76% efficiency
for 8:1 V conversion and over 60% efficiency for conversion
ratios up to 16:1.

Index Terms— Capacitively coupled level shifter, CMOS/GaN
face-to-face bonding, gate drive for GaN, integrated voltage
regulator (IVR), power electronics.

I. INTRODUCTION

LARGE portion of global energy consumption can be
Aattributed to electronics appearing as dc loads to the
power grid (e.g., computers and servers, LED lighting, and
electric cars), and an increasing part of electricity supply and
generation is of dc nature (e.g., batteries, photovoltaics, and
fuel cells). While dc supply voltages for modern microproces-
sors are moving well below 1 V for state-of-the-art integrated
circuit cores, input dc voltage levels are either remaining
fixed, as determined by battery supplies, or are increasing in
order to reduce overall current levels in the power distribution
networks (PDNs). All of these applications require high-
efficiency dc—dc converters and regulators that must handle
increasingly higher input voltages and lower output voltages,
resulting in higher overall conversion ratio requirements.

In data centers, for example, dc—dc down conversion is tradi-
tionally performed in multiple steps, adhering to a set of stan-
dard intermediate voltages that enables compatibility across
vendors and systems [1], as shown in Fig. 1(a). At the end of
this conversion chain is a point-of-load (PoL) converter, which
performs conversion close to the load. Increasingly, however,
this multi-step voltage down-conversion approach is being
challenged both by the desire to run larger parts of the PDN
at higher operating voltages (to reduce the PDN impedance
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Fig. 1. Power distribution approaches for the data center. (a) Typical server
power distribution scheme showing four steps of conversion to intermediate
voltages between the high-voltage grid and the low-voltage components.
(b) Alternate approach employing a CMOS/GaN integrated voltage regu-
lator, reducing the number of conversion stages to two steps by utilizing
a 48:1 V converter.

requirements) and by the advantages of reducing the number
of converter steps in improving overall conversion efficiency.
This requires high-conversion-ratio, high-input-voltage PoL
converters, such as that developed in this paper. For example,
replacing three converters with a single converter as shown
in Fig. 1(b) allows the overall conversion efficiency to be
improved from 73% to 90% if each converter is 90% efficient,
while allowing much of the PDN to operate at 48 V, a well-
established voltage standard. Even higher input voltages could
gain popularity as dc micro-grid standards emerge [2], [3].
Converters with 48 V (or higher) input voltages require
high-voltage switches that traditionally allow maximum
switching frequencies in the few hundreds of kilohertz,
although the exact switching frequency and supported input
voltage depend on the choice of switches, such as vertical
diffusion MOS (VDMOS), trench MOS, or high-voltage
laterally diffused MOS (LDMOS) silicon devices. On printed
circuit boards or similar substrates, discrete (i.e., individually
packaged) power transistors serve as the switching elements
and are combined with switch driver chips, large board-level
passive reactive components for energy storage (inductors and
capacitors), and controller chips to realize a full system. Larger
passive components are required because of the relatively low
switching frequencies supported by these switch technologies.
PoL devices are traditionally switch-mode, medium-
frequency (typically from 100 kHz to 2 MHz), and
non-isolated dc—dc converters operating at sub-48-V input
voltages. Board-level-integrated or package-integrated designs
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Fig. 2. Input voltage and frequency ranges of low output voltage regulators

including VDMOS switches [4], [6] LDMOS switches [7]-[11], or GaN
switches [7], [26]-[28]. Emerging CMOS IVR solutions allow higher switch-
ing frequencies at low input voltages [12], [14], [15]. This work is a
demonstration of an integrated converter with both higher input voltage and
higher switching frequency using GaN switches.

are commonly used. Power-supply-in-package examples can
function at frequencies up to 8 MHz, but most still operate
at <1 MHz [4] to keep switching losses low. However,
board-level and package-level-integrated solutions remain
difficult to miniaturize, limiting the number of supplies and
the supply transient performance achievable for state-of-the-
art computing systems [5]. Fig. 2 shows some representative
published converter designs that are either board-integrated or
package-integrated, using either VDMOS or LDMOS silicon
switches [4], [6]-[11].

Very recently, integrated-voltage-regulator (IVR) converters,
built on the same die as the load, have been pursued as
replacements for traditional PoL converters. Reduction in
interconnect parasitics [12], [13] allows IVRs to operate at
much higher frequencies (generally 100-300 MHz [14], [15])
compared with non-integrated converters, with a consequent
reduction in the size of passive components. [IVRs are increas-
ingly being pursued [14], [15] to provide high spatial and
temporal granularity for controlling supply voltages to enable
improved energy efficiency in microprocessors and other com-
puting devices through dynamic voltage and frequency scaling.
IVRs generally use CMOS devices for both the controlling
circuitry and the power train switches [16], which limits the
input voltage to 2.5 or 3.3 V (if thick-oxide transistors are
employed in the power train). Some representative published
CMOS IVRs are also noted in Fig. 2 [12], [14], [15].

GaN high-electron-mobility transistors (HEMTs) have
emerged as a replacement for silicon-based power
devices [5], [17]-[20], outperforming silicon switches
with a combination of high breakdown voltages (up to
600 V), low specific on-resistance (< 0.2 mQ - cm? [21)),
and low gate charge requirements [22]. Although board-level
converters with conversion ratios as high as 400:1 V [23] have
been demonstrated with GaN HEMT switches, the inductive
interconnect parasitics in these converters limit achievable
switching frequencies to 5—10 MHz [24], [25]. Representative
board-integrated GaN-based power converters are also noted
in Fig. 2 [17], [26]-[28].
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In this paper, we seek to combine the switching-frequency
and integration advantages of CMOS IVRs with the input
voltages achievable with GaN HEMTs through the on-die
integration of GaN and CMOS, as shown in Fig. 2. Since
GaN HEMTs achieve low on-resistance with low gate
charge requirements, a GaN HEMT half-bridge can meet
efficiency targets while switching at frequencies significantly
higher than high-voltage silicon LDMOS half-bridges.
The switching frequencies achievable with GaN switches
can also be fully realized in these IVRs through dramatic
reductions in the interconnect parasitics between the switches
and passives [29]-[32]. The resulting converters offer high
conversion ratio and high input voltage for PoL modules,
enabling architectures such as that shown in Fig. 1(b).

There are several ways to realize higher levels of CMOS and
GaN integration. Attempts at monolithic heterogeneous inte-
gration through the growth of GaN in windows on silicon-on-
insulator have been reported [33], [34] as well as integration
through substrate removal and wafer bonding (including layer
transfer of GaN transistors) [35]. In both cases, the two tech-
nologies co-reside on the same substrate and share the same
back-end interconnect metallization. This provides a major
reduction in interconnect parasitics between the GaN and Si
system blocks, but necessitates major modifications to CMOS
fabrication practices and protocols, which makes the adoption
of those approaches challenging.

Here, we demonstrate the integration of lateral AlGaN/GaN
HEMTs with 180-nm CMOS circuitry through face-to-face
bonding and use this technology to create a multiphase,
40-MHz buck converter supporting a 20-V input supply. Our
Au-Au interconnects between the GaN chiplet and the CMOS
substrate are 30 gm in diameter, and the die-to-die standoff
distance is 50 um, resulting in an interconnect inductance
of less than 15 pH. In comparison, state-of-the-art packaging
standards for discrete GaN transistors add interconnects induc-
tance on the order of 100 pH from the package alone [36],
and board interconnects typically result in total parasitic
inductances in the nH range [37].

In Section II, we discuss the requirements on switches
to achieve efficient dc—dc conversion in hybrid GaN/CMOS
architectures. In Section III, we discuss the design of the
prototype GaN/CMOS converter developed here. Section IV
presents the experimental results from the demonstrator pro-
totype. Section V concludes this paper.

II. EFFICIENCY CONSIDERATIONS IN THE DESIGN OF
HYBRID GAN/CMOS CONVERTERS

The dominant conduction (Pong) and switching (Psy)
losses in the transistors of a half-bridge step-down multiphase
buck converter, neglecting any diode and inductor losses, can
be expressed using the closed-form expressions [38]

D 4 ,
Peond = I_D_E ‘g’IO’RDS(ON)'N (D

1+ R
Psw = (T)'ch;s‘ciss‘fs'N 2)

where I, = Inax/2 is the average current through the transistor
of one phase in the ON-state, half the transistor maximum
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- +«67mm 47
95% A mm 39mm
Number of phases 8 5 = ~
5 | Conversion ratio D 0.125 o
[S]
§ Total converter (load) current 34 E 90% -
g | Phase current 375 mA =
O | Input voltage 20V %
e or
Output voltage 25V 0 85%
Z On-state resistance Rpgon) 3470 -mm §
O | Input capacitance Cgg 0.195 pF /mm 80% -
= On-state resistance Rpg(on) 9.07 Q- mm
Input capacitance C; 2.16 pF /mm 75% +——————1— T T
put cap iss PE/ 0 100 200 300
Switching Frequency (MHz)
current Ipmax. This assumes that the converter is operating
on the boundary between continuous-conduction-mode and  Fig. 3. Maximum achievable efficiency considering switches losses only.

discontinuous-conduction-mode (CCM/DCM). Rps(on) is the
low-side (LS) transistor ON-state resistance in a half-bridge
topology, R is the width ratio of the high-side (HS) transistor
to LS transistor, D is the conversion ratio, N is the number of
phases, Vgs is the transistor gate drive voltage, Cis is the
transistor input (gate) capacitance, and f; is the switching
frequency. The converter efficiency (7sw), as determined by
switch losses alone, is then given by

_ Pioad
Pioad + Peond + Psw

where Pioad = lioad * Vioad 1S the power delivered to the load.

Table I defines the specifications for the converter designed
in this paper. Power-train-switch transistor parameters are also
shown in Table I for both the GaN HEMTs used in this
paper and typical 36-V LDMOS devices to be used as a point
of comparison. Transistor switch loss parameters are derived
from measurements of the fabricated GaN die employed here,
and Silicon values are derived from a typical 36-V 0.13-m
LDMOS transistor model. In both cases, converter operating
parameters are identical, which justifies the assumption that
for the purpose of the comparison, the converters are operating
on the CCM/DCM boundary. The channel length is 150 nm
for the GaN HEMTs and is 800 nm for the LDMOS devices.
Fig. 3 shows the maximum achievable efficiency as a function
of switching frequency for a converter meeting these speci-
fications using either GaN HEMT or LDMOS switches. The
high-to-low-side-transistor-width ratio R is selected such that
the HS transistor is 1/D smaller than the LS transistor. In both
cases, we choose transistor widths such that Peopg + Psw 1S
minimized with the resulting switch widths noted in Fig. 3.
The inferior switching performance of the LDMOS devices
makes these devices very inefficient at the high switching
frequencies characteristic of IVRs. In this comparison, it is
important to note that the LDMOS transistors are rated for
a breakdown voltage of only 36 V, while the GaN transis-
tors employed here have a considerably higher breakdown
voltage. In these GaN devices, lower breakdown voltage
could have been traded off for even lower on-resistance,
for example, by engineering the level of carbon-doping of the

Nsw (3)

Results for a voltage converter utilizing GaN transistors and a voltage
converter utilizing Si LDMOS transistors are shown using the transistor
parameters defined in Table I. Data-point labels denote optimized LS transistor
widths in millimeters. Also shown are the GaN switch sizing, switching
frequency, and maximum efficiency achieved in the converter design designed
and measured in this work.

GaN buffer layers [30]. Sizing down the HS switches, in gen-
eral, reduces switching losses while increasing conduction
losses. For the case of silicon LDMOS converters, efficiency
is little changed, or even improved, by this down-sizing
because improvement in switching losses effectively counters
any increase in conduction losses. For GaN converters, which
are dominated by conduction losses, efficiency is degraded by
this down-sizing.

Reduction in the HS switch width, however, brings
other advantages. While transistor widths can be chosen
to maximize efficiency, as shown in Fig. 3, additional
considerations go into the determination of switch sizing in
practice. Availability of active area is an additional concern,
and it is important to achieve target efficiencies without over-
designing switches and increasing the overall cost. Switch
utilization can be defined as the ratio of total load power Pjoaq
divided by the sum of active switches stress § = > j Vilj,
where V; is the peak voltage applied across switch j in the
circuit and /; is the rms current through switch j [38, Ch. 6].
Motivated by this, we define a per-device utilization (U)
as the average current delivered to the load through
the transistor (Ip avg) to the transistor’s maximum drain
current (Ipsat): U = Ip,avg/Ip sat- Here, a high per-device
utilization implies that the load power is maximized relative to
the maximum stress to which the device could be subjected.

In addition, the conversion ratio (D) is proportional to
the ratio of Ipaye to the maximum current that the HS
transistor is required to provide under all converter oper-
ation conditions (Ip max). That is, D o Ip avg/IDpmax =
U- (Ip.sat/IDp.max) [39]. Maximizing U for a given D would
require maximizing transistors stress by minimizing Ip su.
In this paper, we set the LS transistor width to 3.15 mm
to balance efficiency and utilization. The HS switch, which
should have been set 1/D times smaller, was instead set
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Fig. 4. I-V curve and GaN HEMT structure.

to the same width in this implementation (R = 1). This
sizing results in U of 0.42 and converter power density
of 0.55 W/mm?, which includes switches and all of the
driver circuitry, but excludes any passives. These transistor
widths limit the achievable converter efficiency due to switches
losses (which at 40 MHz frequency are dominated by switches
conduction losses) to approximately 82% as noted on Fig. 3.
If active device area is not a concern, choosing an optimal
width of 105 mm (at R = 1) allows the converter efficiency
to be as high as 98%, although the output power density would
be only 0.017 W/mm? with a U of only 0.014. If instead we
sized down the HS switches, setting R = 1/D, power density
would have improved to 0.032 W/mm? and the U would have
improved to 0.026. The additional conduction losses associated
with the smaller HS switch, however, would have resulted in a
slight decrease in efficiency to 97%. Similarly, the data points
on Fig. 3 are generally characterized by low utilization values,
as transistor widths are chosen to optimize the efficiency,
although at higher frequencies switches utilization increases
as the efficiency-optimized widths are lower.

III. HYBRID CONVERTER DESIGN

Sixteen depletion-mode AIGaN/GaN multi-fingered HEMTs
were fabricated on a single 1-mm-by-2-mm chiplet with
150-nm gate lengths and 3.15-mm gate widths. The epitaxial
structure (Fig. 4) was grown on a 200-mm Si substrate.
The individual transistors are isolated through mesa etching
and feature Ti/Al/Ni/Au source—drain ohmic contacts with
Ni/Au Schottky contact gates. Plasma-enhanced-chemical-
vapor-deposited silicon nitride serves as the passivation layer.
A Ti/Al layer serves to provide both the multi-finger intercon-
nects and the interconnection pads. A single device displays
an approximate gate capacitance C, of 0.61 pF (capacitance
per transistor length of 0.195 pF/mm and area-normalized
capacitance of 2.6 nF/cm?) and a maximum Roy of 1.4 Q.

The die-attach processes used to mate the GaN chiplet to
the CMOS die involves two steps. First, target aluminum
pads on the 2-mm x 4-mm CMOS chip are thermosonically
bonded with Au bumps. Then, dual-heated 260 °C Au—Au
thermocompression face-bonding is used to form the contacts
to matching Au finished pads on the smaller GaN die, as shown
in Fig. 5. An image of an assembled converter can be seen

IEEE JOURNAL OF SOLID-STATE CIRCUITS
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Fig. 5. Annotated micrograph of silicon die (top), GaN die (middle), and
Au-Au thermocompression illustration (bottom).

Fig. 6.

Image of assembled hybrid converter of GaN chiplet on CMOS
die (left) and section of the prototype PCB (right) showing converter socket
in the center and inductors above.

in Fig. 6. The inductors in the demonstrator prototype are
implemented as on-board discrete 150-nH air-core induc-
tors (Coilcraft P/N 1812SMS-R15JLB), but fully integrated
IVRs that take advantage of the high switching frequencies
enabled by the GaN switches will ultimately pursue on-chip
inductor technologies [40].

The circuit topology for this hybrid GaN/CMOS converter
is shown in Fig. 7. A variable synchronous pulsewidth-
modulated (PWM) signal generation block is implemented
to create eight evenly distributed phase-shifted signals for
the eight converter phases (Fig. 8) using eight identical digi-
tally controlled delay line (DCDL) elements. Generating each
phase signal using a delay element from a previous phase
guarantees robust matching of the multiphase currents. Each
DCDL includes a four-bit fine-delay element (8-ns maximum
delay, 500-ps resolution) and an eight-bit coarse-delay element
(1-us maximum delay, 4-ns resolution), enabling switching-
frequency operation in the range between 1 and 200 MHz,
and allowing a granular 6-bit resolution around the frequency
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in which the converter operates (20-40 MHz). Current-starved
buffers serve as fine-delay elements, and minimum-sized
buffers with sized capacitive loads serve to realize the coarse
element as shown in Fig. 9. An adjustable dead-time (Fig. 10)
delay module allows for fine-tuning adjustment of the duty
cycle and of the dead-time between the HS switch and LS
switch turn-ON times (minimizing shoot-through current in the
half-bridge). The half-bridge conversion ratio is set through
off-chip control of the digital PWM lines and the dead-time
module analog lines.

Driving the depletion-mode n-type GaN HEMTs from 5-V
tolerant CMOS devices is a key design consideration. The HS
switch driving circuitry needs to follow the source of the HS
GaN switch, which is tied to the switching node Vx as shown
in the inset of Fig. 7. This node alternates between 0 V and the
ground-referenced 20-V input voltage at the system switching
frequency.

To address this, a floating bootstrapping capacitor Cp is
used to provide the Vgrive supply for the HS gate-driver. The
bootstrapping capacitor and circuit are shown in Fig. 11.
When Vyx is pulled up to the converter input voltage by the
HS switch, the diode turns on to charge Cp from the switching
node itself, while Vi, — Vgrive is supplied externally in this
prototype. The diode and bootstrapping capacitor value (10 pF)
are designed such that in steady state, the voltage over Cp
remains at Vgrve and the voltage droop during a single
switching cycle is negligible. Since charging the bootstrap
capacitor occurs only after the converter begins switching,
startup charging is accomplished with a 1-MQQ resistor, which
guarantees that the current through the resistor under nor-
mal operating conditions remains negligible, while achieving
startup delays below 100 us. Shunt regulators do not allow
the floating voltage domain to charge up to voltages higher
than 5 V, preventing oxide-breakdown failure events if the
converter does not start switching immediately upon power-up.

IV. CAPACITIVE-COUPLING-ISOLATED LEVEL SHIFTER

Key to interfacing CMOS to high-voltage GaN devices is
the challenge in level-shifting the 0-1.8-V controller signals
to a range where they will be able to control the gate-drivers
in the floating supply domains, as shown in the inset of
Fig. 7. Referenced to the system ground, the HS driver supply
transitions between — Vgrive and 0 V (when Vx = 0 V) and
20 V — Vgrive and 20 V (when Vy = 20 V, the input voltage)
synchronously with Vy. The LS driver operates between
— Viarive and 0 V, utilizing the same level shifter for HS/LS
symmetry. Fig. 12 (left and right) shows the level shifter
circuit, highlighting the pre-coupling fixed supply domains and
post-coupling floating supply domain, respectively, isolated
through identical high-voltage-tolerant coupling capacitors Cj.

The level shifting is performed in stages. First, in the pre-
coupling fixed domain (see the left inset of Fig. 12), the
0- to 1.8-V signal is converted to a 0- to 5-V signal using
a standard cascode voltage switch logic level shifter. This
resulting signal is buffered and driven across the isolation
capacitors Cj, producing differential voltage pulses on latch
nodes D and D> in the floating supply domain (see the right
inset of Fig. 12) of magnitude

Vpulse,cc =5V. % 4)
where C; is the capacitance of the isolation capacitors and
Cp is the capacitance of node D; or D;. The latch switches
appropriately when the amplitude of the pulse is sufficient to
get both nodes D and D, beyond the metastable point of the
latch (Vgrive/2), as shown in Fig. 13(a).

For the HS level-shifter, common-mode pulses are also
induced on D; and D; upon transitions of Vyx, as shown
in Fig. 14(a). In addition to common-mode rejection at the
latch, additional logic and an additional latch, shown in
Fig. 12, serve to further reject those false trigger (FT) events.

In order to tolerate 20 V, the C; are implemented
using back-end vertical natural capacitors with a nominal
C; = 82 fF, which unfortunately proved to have a die-to-die
30 variability of 31%. This affects proper switching of
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of the HS and LS transistors to minimize shoot-through. Bottom: simulation
result.

the level-shifter latch. Fig. 13(b) demonstrates that with a
3o-worst-case magnitude for C; of 56 fF, Vpuise,cc is of
insufficient magnitude to switch the latch. Increasing the
nominal design value of C; is a possible way to overcome
these shortcomings, but increasing C; also increases Trecoverys
the time it takes the nodes D; and D; to recover from an
FT event, which limits the maximum practical operating
frequency of the level shifter and, consequently, the overall
switching frequency of the converter. Fig. 14(b) shows an

Left: coarse delay element with 8-bit weighted capacitor-loaded buffers. Right: current-starved 4-bit fine delay element.
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Fig. 11.  Circuit of the HS NMOS GaN transistor driver with bootstrapping

circuit (top inset) and gate driver power train (bottom inset).

excessive long Trecovery in the case that C; is increased to
164 fE. At this value of Cj, the switching frequency of the
12:1 converter is limited to frnax = 1/(D - Ts,min) = 10 MHz,
since T's,min is required to be greater than Trecovery = 8 ns.
Varive can be reduced to help with latch switching at lower
than expected values of Cj, effectively lowering the latch
switch point. However, this increases latency through the
level shifter, reducing the achievable switching frequencies.
In addition, since Vgve is also used for the gate drivers,
lowering it reduces the turn-off voltage for the GaN switches,
leading to increased off-state leakage currents in the switches.

V. EXPERIMENTAL RESULTS

CMOS and GaN dies were tested individually before
assembly. GaN device yield combined with Cj-variability
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Fig. 12. Block diagram of the capacitive-coupling-isolated level shifter.

TABLE II
SUMMARY OF CONVERTER RESULTS

Measurement 1 2 3 4
V; 12V 8V 20V 16V
Vout 1v 1v 25V 1v
Conversion Ratio 12:1 8:1 8:1 16:1
Frequency 40 MHz 40 MHz 40 MHz 20 MHz
# of Phases 3 phases 3 phases 1 phases 7 phases
Max load current 204mA 198mA 30mA 825mA
Max efficiency 68% at SOmA  76% at SImA  65% at 30mA  62% at 104mA
Vasive >35V >35V =5V >2.5V

issues in the level-shifter prevented certain phases from
being functional, depending on operating conditions.
Missing or disconnected gate fingers constituted the biggest
yield detractor for the GaN chiplets. Each GaN chiplet has
16 transistors (HS and LS for each of eight phases) and each
transistor has 18 gate fingers for a total of 288 gate fingers.
Since the transistors are depletion mode, a faulty gate finger
results in a normally-on channel, shorting the input rails
under regular converter switching conditions, making that
phase of the converter inoperable.

Table II shows a summary of measurements results from
four different combinations of input and output voltages,
switching frequencies, the number of converter phases, and
Varive values. If Cj-variability was too high for a specific
level-shifter to function correctly with the default Vyyive value

40

60 40 60

Time (nsec) Time (nsec)

Fig. 13.  Capacitive-coupled-isolated level shifter latch nodes responses.
(a) Correct switching for C; = 82 fF. (b) Failure for C; = 56 fF.

of 5V, Virive is reduced until level-shifter functionality is
restored. In many cases, the required Vgrve Was substantially
lower than 5 V as noted in Table II. For Measurement 4, this
drove the switching frequency down to 20 MHz.

Fig. 15 shows the efficiency as a function of output load
current for a three-phase configuration operating at a switching
frequency of 40 MHz and the conditions noted in Table II for
Measurements 1 and 2. 76% efficiency are demonstrated for
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Fig. 14.  Capacitive-coupling-isolated level shifter latch nodes responses.
(@) FT Trecovery for C; = 82 fF. (b) FT increased Trecovery failure for
Cr =164 {F.
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Fig. 15. Converter efficiency as a function of output load current for three-

phase 40-MHz operation at the conditions noted as Measurements 1 and 2 in
Table II. The error bars represent invalidity due to instruments inaccuracy and
measurement noise.

8:1 V conversion and 68% for 16:1 V as shown in Fig. 15 for
load currents in excess of 25 mA. Lower efficiencies are
achieved for load currents below 25 mA as losses that do not
scale with load current (such as dynamic switching losses)
dominate. Fig. 16 shows the per-phase converter efficiency
as a function of output load current per phase for all four
measurements conditions noted in Table II. Efficiencies all
drop off substantially for per-phase load currents less than
approximately 8 mA as efficiency measurement includes all
power sources provided to the converter.

The peak measured power density is 0.55 W/mm?2. The
entire silicon and GaN front ends (dies) were included in the
calculation of converter area, excluding the area consumed by
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Fig. 16. Per-phase converter efficiency as a function of output load current per
phase for all four measurements conditions noted in Table II. The error bars
represent invalidity due to instruments inaccuracy and measurement noise.

passives. Overall CMOS propagation delay, from the PWM
output to GaN gate input, including dead time, was measured
to be 3.8 ns (4.8 ns) for low-to-high (high-to-low) transitions,
significantly faster than a representative prior design using
GaN devices and CMOS gate drivers [41] for which these
delays were on the order of 8.2 ns (9.7 ns). Such low propa-
gation delay time improves efficiency due to faster switching
characteristics and allows lower D - T values to be achieved,
which is necessary in order to achieve higher conversion ratios.

VI. CONCLUSION

By exploiting face-to-face bonding of GaN HEMTs and
CMOS, we demonstrate the design of a prototype 40-MHz
hybrid CMOS/GaN voltage converter. While input voltages
of up to 20 V are supported and conversion ratio as high as
16:1 V are demonstrated, higher input voltages would certainly
be supported by this circuit and technology architecture.
Converters like these should allow single-step IVRs from
high-voltage dc distributions, replacing significantly less
efficient and more complicated multi-step conversion
schemes. Switching frequencies for these converters, which
can ultimately scale into the hundreds of megahertz, will also
allow inductor values to be reduced to the point that integrated
inductor technologies [40] could be exploited in these
designs.

REFERENCES

[1] M. Murrill and B. J. Sonnenberg, “Evaluating the opportunity for
DC power in the data center,” Emerson, St. Louis, MO, USA, White
Paper 124W-DCDATA/1010, 2010.

[2] E. C. W.de Jong and P. T. M. Vaessen, Briefing Paper: DC Power Distri-
bution for Server Farms. Arnhem, The Netherlands: KEMA Consulting,
2007.

[3] A. Pratt, P. Kumar and T. V. Aldridge, “Evaluation of 400V DC
distribution in telco and data centers to improve energy efficiency,”
in Proc. 29th Int. Telecommun. Energy Conf. (INTELEC), Rome, Italy,
2007, pp. 32-39, doi: 10.1109/INTLEC.2007.4448733.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

AKLIMI et al.: HYBRID CMOS/GaN 40-MHz MAXIMUM 20-V INPUT DC-DC MULTIPHASE BUCK CONVERTER 9

[4] Power Management Guide, Texas Instrum., Dallas, TX, USA, 2015, [27] W. Lee, D. Han, C. Morris, and B. Sarlioglu, “Minimizing switch-
pp. 1-128. ing losses in high switching frequency GaN-based synchronous buck

[5] F.C.Leeand Q. Li, “High-frequency integrated point-of-load converters: converter with zero-voltage resonant-transition switching,” in Proc. 9th
Overview,” IEEE Trans. Power Electron., vol. 28, no. 9, pp. 4127-4136, Int. Conf. Power Electron. ECCE Asia (ICPE-ECCE Asia), Jun. 2015,
Sep. 2013. pp- 233-239.

[6] RSS_RSD Series Datasheet, Recom, Recy, France, 2009. [28] Y. Hayashi, “Power density design of SiC and GaN DC-DC converters

[7]1 H. J. Kim, H.-G. Park, J.-H. Jang, Y.-J. Park, Y. Pu, and K.-Y. Lee, for 380 V DC distribution system based on series-parallel circuit topol-
“High power efficiency, 8 V~20 V input range DC-DC buck converter ogy,” in Proc. Appl. Power Electron. Conf. Expo. (APEC), Mar. 2013,
with phase-locked loop,” in Proc. Int. Conf. Power Electron. ECCE Asia, pp. 1601-1606.
Jun. 2015, pp. 1772-1777. [29] A. Lidow and J. Strydom, “Benchmark DC-DC conversion efficiency

[8] T.-J. An, G.-C. Ahn, and S.-H. Lee, “High-efficiency low-noise pulse- ggi egalﬁ I;ET-b;j;f(i)(;azuclgoignverterS»" EPC Corp., El Segundo, CA,
width modulation DC-DC buck converter based on multi-partition , 1ech. Rep. > .
switching for mobile system-on-a-chip applications,” IET Power Elec-  [30] N. ikeda et al., “GaN POWCrltrg-gSiStori on Si] lsglljmlnllgels fJorl S;V(;tlc(?ing
tron., vol. 9, no. 3, pp. 559-567, Mar. 2016. applications,” Proc. IEEE, vol. 98, no. 7, pp. -1161, Jul. .

[9]1 S. Tkachov and M. Agostinelli, “A mixed-signal ripple-based controller ~ [31] D. Reusch, D. Gilham, Y. Su, and F. C. Lee, “E}a}lllum nitride based
for a 16 V, 10 MHz integrated buck converter,” in Proc. IEEE Appl. 13322“;8“‘;62 non—lgcl)la;ed P‘gﬂt;fEload I;Zﬁlﬂzeé];ﬂ ;; r0§~8 _247 ;‘h Annu.
Power Electron. Conf. Expo. (APEC), Mar. 2016, pp. 350-354. ppi. Fower Lieciron. Conj. Lxpo., Feb. » PP- 56=40.

[10] H.-A. Yang et al., “A 96%-efficiency and 0.5%-current-cross-regulation ~ [32] B.Lu, D. Piedra, anq T. Palacios, GaN power electronics,” in Proc. 8th
single-inductor multiple floating-output LED driver with 24b color Int. Conf. Adv. Semzcogductor Devices Microsyst., 2010, pp. 105-110.
resolution,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Tech. Dig.  [33] gANELr HO_kf et al, Mon?hth}c lntégraﬁltqp Jofvsﬂlcgn, f;M}(Z)Slargl
Papers, Jan./Feb. 2016, pp. 230-232. ' ansistors in a current mirror circuit,” J. Vac. Sci. Technol. B,

[11] C. Vaucourt, “MicroSiP(TM) DC/DC converters fully integrated power g/glcgo‘?le“r on. Nanotechnol. Microelectron., vol. 30, no. 2, p. 02B101,
solutions,” in Proc. PwrSoC, 2014, pp. 1-19. .

[12] W. Kim, D. M. Brooks, and G.-sspwa, “A fully-integrated 3-level [34] K. T. Lee er al, "A scalable CMOS technology platform for co-
DC/DC converter for nanosecond-scale DVS with fast shunt regu- glte]g;rrann% fags(j;l Szl(’;;-n Pr oi_gompound Semiconductor Week, Santa

PONIEYE o A arbara, s s , Pp- .
gﬁo;és_g;of)ma [EEE Int. Solid-State Circuits Conf., Feb. 2011, [35] J. W. Chung, B. Lu, and T. Palacios, “On-wafer integration of nitrides

[13] Q. Li et al., “Technology roadmap for high frequency integrated ?:td i}lfixfegyign%?j d}ﬁ 50;)%902;01???“??;8 817 in [EEE MTT-S
IBISyDZC(:)IS,Og;?r;g—Sg; Proc. Appl. Power  Electron. Conf. Expo., [36] J.Roberts, ‘fMa’),(imizing GaN power transistor performance with embed-

[14] E. Burton, “Package and platform view of Intel’s fully integrated voltage Czlf)(; Spégrlfa%l_nﬁ in Proc. Appl. Power Electron. Conf. Expo. (APEC),
;%gluslfl?: gleZ\SIR)’ in Proc. Appl. Power Electron. Conf. Expo. (APEC), [37] M. P.avifr, A. Woo_dworth, A. Sawle, R. Monteiro, C. Blake, .a'nd

[15] J. Wibben and R. Harjani, “A high-efficiency DC-DC converter using g)ncggl,\/[ [i?ssftsfpﬁilgi ctheaffge;:t Oefng(.)gze;é\;[ (25;’1\];:[Epic}§1 a%;: parz;sg};/sl
2 nH integrated inductors,” IEEE J. Solid-State Circuits, vol. 43, no. 4, Y quenc v Z,” 1 froc.

Pp. 844-854, Apr. 2008 Eur., 2003, pp. 1-6.
(16] D‘ S. Gar d’ner ' G Séhrom F Paillet. B. Jamieson. T. Karnik [38] R. W. Erickson and D. Maksimovic, “Chapter 3. Steady-state equivalent
CoT [P, oo LT >, > circuit modeling, losses, and efficiency,” in Fundamentals of Power
and S. Borkar, “Review of on-chip inductor structures with mag- Electronics. New York. NY. USA: Spri 2001
. i . , NY, : Springer, .
netic films,” JEEE Trans. Magn., vol. 43, no. 10, pp. 4760-4766, [39] D.J. Costinett, “Analysis and design of high efficiency, high conversion
Oct. 2009. e ’ . LS ;
. — . R ratio, DC-DC power converters,” Ph.D. dissertation Univ. Colorado,

[17] S. Ji, D. Reusch, and F. C. Lee, “High-frequency high power density Boulder, CO, USA, 2013.

3-D integrated gallium-nitride-based point of load module design, [40] N. Sturcken et al., “Magnetic thin-film inductors for monolithic integra-
IEEE Trans. Power Electron., vol. 28, no. 9, pp. 4216-4226, tion with CMOS,” in IEDM Tech. Dig., Dec. 2015, pp. 281-284.
Sep. 2013. 4 ) 4 [41] M.K. Song, L. Chen, J. Sankman, T. Stephen, and D. Ma, “A 20 V 8.4 W

[18] A. legw, J. Strydom, R Smttmatte_r, and C. Zhou,. GaN: A reliable 20 MHz four-phase GaN DC-DC converter with fully on-chip dual-
future in p?’wer conversion: Dramatic performance improvements at a SR bootstrapped GaN FET driver achieving 4ns constant propagation
lower cost,” IEEE Power Electron. Mag., vol. 2, no. 1, pp. 20-26, delay and Ins switching rise time,” in IEEE Int. Solid-State Circuits
Mar. .2015. . ) ) Conf. (ISSCC) Dig. Tech. Papers, Feb. 2015, pp. 302-304.

[19] A. Bindra, “Wide-bandgap-based power devices: Reshaping the power
electronics landscape,” IEEE Power Electron. Mag., vol. 2, no. 1,
pp. 42-47, Mar. 2015.

[20] N. Kaminski and O. Hilt, “SiC and GaN devices—Wide bandgap is not
all the same,” IET Circuits, Devices Syst., vol. 8, no. 3, pp. 227-236,

May 2014.

[21] N. Tipirneni, A. Koudymov, V. Adivarahan, J. Yang, G. Simin, and
M. A. Khan, “The 1.6-kV AlGaN/GaN HFETS,” IEEE Electron Device
Lett., vol. 27, no. 9, pp. 716-718, Sep. 2006.

[22] D. Reusch and J. Strydom, “Evaluation of gallium nitride transistors in
high frequency resonant and soft-switching DC-DC converters,” I[EEE
Trans. Power Electron., vol. 30, no. 9, pp. 5151-5158, Sep. 2015.

[23] Y. Cui, W. Zhang, L. M. Tolbert, D. J. Costinett, F. Wang, and Eya] Aklimi (S’10) received the B.Sc. degree in
B. J. Blalock, “Two phase interleaved ISOP connected high step down physics and electrical engineering from Tel Aviv
ratio phase shift full bridge DC/DC converter with GaN FETSs,” in Proc. University, Tel Aviv, Israel, in 2008, and the
IEEE Appl Power Electron. C()l’lf Expo,, Mar. 2015, pp. 1414-1419. M.S. and Ph.D. degrees in electrical engineering

[24] D. Reusch and J. Strydom, “Understanding the effect of PCB lay- from Columbia University, New York, NY, USA,
out on circuit performance in a high-frequency gallium-nitride-based in 2010 and 2016, respectively.
point of load converter,” IEEE Trans. Power Electron., vol. 29, no. 4, He was a Research Assistant with the Biolelec-
pp. 2008-2015, Apr. 2014. tronic Systems Laboratory, Columbia University.

[25] A. G. P. Marini and A. Ortega, “Applying MiGaN (TM) GaN devices in He co-founded a multimillion dollar privately-owned
high reliability and space applications for maximum performance and company JUX (currently YCD-Atmosphere), Tel
reliability,” Microsemi Corp., Aliso Viejo, CA, USA, Tech. Rep. Rev. Aviv, IL, and he was a C41 Systems Engineer, Elbit
1.0, 2013. Systems Ltd. VoIP/SIP Servers Engineer: Veraz Networks Inc. (Currently

[26] X. Ren, D. Reusch, S. Ji, Z. Zhang, M. Mu, and F. C. Lee, “Three-  Dialogic Inc.) and a VoIP/SIP Servers Engineer for three years. His current

level driving method for GaN power transistor in synchronous buck
converter,” in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Sep. 2012, pp. 2949-2953.

research interests include switch-mode power electronics, large-scale inte-
gration circuits, and topics in magnetism: fabrication of integrated magnetic
components and thin-film tunneling magnetic field sensors.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Daniel Piedra (S’11) received the B.S. and
M.Eng. degrees from the Massachusetts Institute
of Technology, Cambridge, MA, USA, in 2009 and
2011, respectively, where he is currently pursuing
the Ph.D. degree with the Department of Electrical
Engineering and Computer Science.

His current research interests include GaN
processing technology for power electronics.

Kevin Tien (S’11) received the B.Eng. degree in
electrical engineering from the Cooper Union for
the Advancement of Science and Art, New York,
NY, USA, in 2012, and the M.S. degree in electrical
engineering from Columbia University, New York,
in 2013, where he is currently pursuing the Ph.D.
degree in electrical engineering under the advise-
ment of Prof. K. Shepard.

His current research interests include heteroge-
neous integration technologies and their application
to miniaturization of switchmode power electronics.

IEEE JOURNAL OF SOLID-STATE CIRCUITS

Tomas Palacios (M’17) received the Ph.D. degree
from the University of California, Santa Barbara,
CA, USA, in 2006.

He is currently a Professor with the Department
of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge,
MA, USA. He has authored numerous contributions
in international journals and conferences, ten of
which have received best-paper awards, as well as
five book chapters and more than 20 patents. His
current research interests include demonstrating new
electronic devices and applications for materials such as graphene and gallium
nitride.

Dr. Palacios was a recipient of the Presidential Early Career Award for
Scientists and Engineers, the IEEE George Smith Award, and the NSF, ONR,
and DARPA Young Faculty Awards. He is the Founder and Director of the
MIT/MTL Center for Graphene Devices and 2-D Systems.

Kenneth L. Shepard (M’91-SM’03-F’08) received
the B.S.E. degree from Princeton University,
Princeton, NJ, USA, in 1987, and the M.S.
and Ph.D. degrees in electrical engineering from
Stanford University, Stanford, CA, USA, in 1988
and 1992, respectively.

From 1992 to 1997, he was a Research Staff
Member and the Manager with the VLSI Design
Department, IBM Thomas J. Watson Research
Center, Yorktown Heights, NY, USA, where he
was responsible for the design methodology for
IBM’s G4 S/390 microprocessors. He was the Chief Technology Officer with
CadMOS Design Technology, San Jose, CA, USA, until its acquisition by
Cadence Design Systems in 2001. Since 1997, he has been with Columbia
University, New York, NY, USA, where he is currently the Lau Family
Professor of Electrical Engineering and Biomedical Engineering and the
Co-Founder and the Chairman of the Board of Ferric, Inc., New York, NY,
USA, which is a commercializing technology for integrated voltage regulators.
His current research interests include power electronics, carbon-based devices
and circuits, and CMOS bioelectronics.

Dr. Shepard was the Technical Program Chair and General Chair of the 2002
and 2003 International Conference on Computer Design, respectively. He has
served on the Program Committees for IEDM, ISSCC, VLSI Symposium,
ICCAD, DAC, ISCAS, ISQED, GLS-VLSI, TAU, and ICCD. He was a recip-
ient of the Fannie and John Hertz Foundation Doctoral Thesis Prize in 1992,
the National Science Foundation CAREER Award in 1998, and the 1999
Distinguished Faculty Teaching Award from the Columbia Engineering School
Alumni Association. He is an Associate Editor of the IEEE TRANSACTIONS
ON VERY LARGE-SCALE INTEGRATION SYSTEMS, the IEEE JOURNAL OF
SOLID-STATE CIRCUITS, and the IEEE TRANSACTIONS ON BIOMEDICAL
CIRCUITS AND SYSTEMS.



