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In-Chip Microfluidic Cooling Integrated on GaN
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Abstract—The lateral structure of gallium nitride (GaN) semi-
conductors enables monolithic integration of logic and power de-
vices, which offers promise to miniaturize bulky converters into
a compact package. However, the concentrated heat that arises
from this dense integration can locally exceed 1 kW/cm?, which
surpasses the limit of current thermal management technologies.
In this article, we demonstrate the potential of integrating in-chip
microfluidic cooling directly on GaN power integrated circuits
(ICs), together with additively manufactured packaging, to pro-
vide efficient thermal management, and achieve ultrahigh-power
densities. A prototype power module and a 0.44 kW 48 V-24 V
dc—dc converter were realized in a compact 32nd brick form factor
to demonstrate its potential. Our results show a 14-fold reduction in
thermal resistance and a four-fold increase in the total output power
compared to heat-sink and fan cooling. An outstanding 78 KW/l was
achieved, together with an increase in power conversion efficiency,
surpassing 95%. By removing thermal limitations from power 1C
design, and enabling highly integrated topologies combined in a
single liquid-cooled chip, this work paves the way for more efficient
and highly compact power conversion in the future to support the
electrification of our society.

Index Terms—Gallium nitride (GaN) dc—dc converter, in-chip
cooling, power density, power integrated circuit (IC), thermal
management.

1. INTRODUCTION

HE electrification of our society is driving the increased
T adoption of power electronic systems for converting and
delivering electric power. The stringent constraints on effi-
ciency, weight, and volume in applications such as aerospace
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and ground-based transportation demand ever-increasing power
densities [1], [2]. Gallium nitride (GaN) devices are a prime
candidate to achieve these efficiency and power density targets
due to their reduced specific on-resistance, smaller die sizes,
and higher switching speeds compared to Si [3], [4]. The latter
is essential for high power density converters, as it enables the
miniaturization of energy storage components, i.e., inductors
and capacitors [5]. Furthermore, the lateral device structure of
GaN high-electron-mobility-transistors (HEMTs) enables inte-
gration of multiple power and logic devices [6], [7], [8], [9].

Various configurations of such GaN integrated circuits (ICs)
are presently entering the market, including power switches in
a half-bridge configuration with integrated gate drivers, level
shifters, and bootstrap circuitry [10]. These ICs replace multiple
discrete components with a single chip for voltage levels up to
650 V [11], [12], and enable more intricate converter topologies
without increasing system-level complexity [13]. Such large-
scale device integration trend is similar to that of Si-based logic
[14].

However, with many heat-generating components densely
integrated, GaN power ICs can face prohibitively high heat
fluxes at full load [15]. The resulting self-heating causes signifi-
cant degradation in device performance and efficiency, thus, the
maximum power of such an IC is ultimately thermally limited.
A significant reduction in the thermal resistance of GaN ICs is
required to unlock their full potential for highly miniaturized
power converters. However, unlike rapid developments in logic
and power device integration, cooling integration is often over-
looked.

In a conventional indirect cooling configuration, heat is trans-
ported from the junction to a remote heat sink, separated by
layers of packaging and thermal interfaces, which prevent good
heat transfer. Direct microfluidic cooling, in which these inter-
faces are eliminated and a coolant is in contact with the semi-
conductor device, has been actively investigated to overcome
these thermal limitations [16]. Microscale convective cooling
techniques, using microjets, microchannels, and manifold mi-
crochannels [17], [18], [19], [20], [21], [22] have demonstrated
a 10-fold increase compared to indirect methods, with heat
extraction up to 1.7 kW/cm? from discrete GaN-on-Si power
devices [23], [24], [25], [26]. Practical issues that hinder adop-
tion, such as manufacturing, packaging, and assembly using
existing low-cost manufacturing methods have remained largely
unaddressed.
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Fig. 1. (a) Illustration of the device unpackaged. (b) Schematic overview of
the power-logic-microfluidic integrated circuit. (c) Illustration of the packaged
device.

Here, we demonstrate a holistic approach to device, packag-
ing, and system design, compatible with established manufactur-
ing methods, to enable highly integrated power converters that
fully exploit the benefits of microfluidically cooled GaN ICs. We
show that, by considering cooling as a third layer of integration,
in addition to logic and power, ultrahigh-power densities for
switched-mode power supplies together with an increase in
efficiency and reduction in temperature can be achieved. We first
demonstrate the feasibility of integrating microfluidic cooling in
GaN-on-Si HEMTs by studying the impact of in-chip coolant on
electric device performance. Next, we demonstrate an integrated
module that serves as a fundamental building block for power
converters: a state-of-the-art half-bridge power module with
integrated gate drivers, logic, and in-chip microfluidic cooling.
New methods for packaging and assembly based on additive
manufacturing were developed to distribute the coolant in the
microfluidic channels. As aresult, by turning the low-cost silicon
substrate into a high-performance heat sink, over 350 W/cm? of
heat flux can be extracted from the GaN IC.

We investigate, first, how the monolithic integration of power,
logic, and cooling into a single IC improves the power density
and efficiency of dc—dc converters in 48 V power switching
applications. Second, we demonstrate the first-of-its-kind buck
converter built around these ICs to obtain 0.44 kW dc—dc
converters within a highly-miniaturized 1/32nd brick footprint,
resulting in high power densities exceeding 78 kW/I, which
demonstrates the promising capabilities of liquid-cooled power
ICs as a modular building block for next-generation compact
power conversion.

II. MICROFLUID COOLING INTEGRATED POWER MODULE

In this section, a description of the device and a postprocess-
ing micromanufacturing step are presented, along with device
performance evaluation and comparison using different thermal
management approaches.

A. Proposed Integration Concept

Fig. 1(a) illustrates the concept of the proposed liquid-cooled
power IC. The commercially-available IC consists of a 5 pum-
thick AlIGaN/GaN epilayer, epitaxially grown on a 500 pm-thick
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silicon substrate. The device contains two 80 V-rated power
HEMTs with 8.5 m() on-resistance (R4s,0x), in a half-bridge
configuration, as well as monolithically integrated gate driver
circuitry, input logic interface, level shifter, and a bootstrap
charging circuit. All electronics are integrated on the GaN layer,
whereas the silicon substrate functions as a high-performance
microfluidic heat sink. We refer to the resulting IC, illustrated
in Fig. 1(b), as an integrated power module, as it contains power
switches (marked in red), logic (marked in yellow), and cooling
(marked in blue). After installation on a printed circuit board
(PCB), the cooling channels in the backside are accessible from
the top. The chip is then packaged to create a fluidic inlet and
outlet to guide the coolant in and out of the die [see Fig. 1(c)].

B. Design of Power Module

First, the design of the microchannels was optimized by
focusing on the tradeoff between heat transfer and pressure drop.
Decreasing the microchannel width, enhances the heat transfer
surface area, but also the frictional losses, thus increasing the
pressure drop. The optimal microchannel geometry was investi-
gated by a one-dimensional theoretical analysis considering the
temperature difference between the junction and the inlet fluid
(AT), and the coefficient of performance (COP) at a specific heat
flux. The COP represents the ratio between the dissipated and the
pumping powers [27]. The pressure drop is calculated from the
microchannel geometry, fluid properties and flow rate (flow is as-
sumed laminar and fully-developed). AT is a function of thermal
load and total thermal resistance between the junction and fluid.
The total thermal resistance for a direct in-chip cooling includes
three in-series resistances: conduction resistance through the re-
maining (unetched) Si substrate; convection resistance between
the substrate and fluid; and flow thermal resistance due to the
caloric heating of the fluid within the microchannel heat sink
[27]. The total resistance is a function of the flow rate, fluid
properties and geometry of the microchannels. Microchannel
widths of 10, 50, and 100 pm were considered at three different
heat fluxes of 250, 350, and 400 W/cm?, and the results are shown
in Fig. 2. The 100 ym-wide channels resulted in a large AT. On
the other hand, 10 pm-wide channels yielded a low temperature
rise, however, at a very low COP due to the high pressure drop.
In addition, these narrow channels are more prone to clogging.
50 pm-wide channels provided a good tradeoff between COP
and AT, in addition to the ease of fabrication and operation.
The model has been validated with experimental results on test
structures with 50 pm microchannels for heat fluxes measured
at 250, 350, and 400 W/cm?, showing an excellent agreement
(see green stars in Fig. 2).

Subsequently, 50 gm microchannels were etched in an off-
the-shelf die by applying a simple postprocessing method on
the chips in a scalable wafer-based cleanroom process outlined
in Fig. 3(a). The process started by placing unpackaged dies
(EPC2152) with exposed silicon substrate on a carrier wafer.
Direct laser writing lithography and deep-reactive-ion-etching
were employed to fabricate 50 pm-wide and 400 pm-deep
channels inside the silicon substrate. This approach enables
rapid prototyping without requiring a change in the foundry
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Fig. 2. COP versus AT for channel widths of 10, 50, and 100 pm, and heat
fluxes of 250, 350, and 400 W/cm?. The dashed arrow shows the direction of heat
flux increase. Experimental results on test structures with 50 ;zm microchannels
for heat fluxes experimentally measured at 250, 350, and 400 W/cm? are shown
in green stars, agreeing with the model.
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Fig.3. (a) Die postprocessing method: Photoresist is spin-coated on the back-
side of the silicon substrate of the die, and cooling channels are lithographically
patterned. Channels are subsequently etched in the substrate using dry etching,
before the resist is stripped. (b) SEM image of channels etched in the backside
of the die. (c) Picture of the die after postprocessing. (d) Packaging process, a
plastic cap is mounted on the IC and an epoxy is injected to create a leak-tight
seal. Cavities are present inside the cap to accommodate components that extend
above the surface of the IC.

process, but also offers a clear route to low-cost and high-volume
manufacturing by performing the channel etching over an entire
wafer, before die singulation. Fig. 3(b) shows a close-up scan-
ning electron microscope (SEM) image of the microchannels in
the backside of the device, and a picture of the complete device
backside is shown in Fig. 3(c).

A second challenge is supplying and distributing coolant
to the IC within a compact form factor, without introducing
complex manufacturing steps. A novel fluidic packaging method
was developed to address these challenges: The postprocessed
devices were soldered on a PCB before applying a custom pack-
aging solution following the process outlined in Fig. 3(d): An
additively manufactured cap that guides the fluid was mounted
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Fig. 4. Three different cooling approaches considered on the same power
module for comparison. (a) Uncooled. (b) Heat sink and fan (c) In-chip mi-
crofluidically cooled.

on the IC, and a molding compound (EPO-TEK Glob Top) was
injected in this cap to permanently seal all voids around the chip.
Due to the height differences and tightly positioned components,
additively manufacturing is an essential tool to adapt the pack-
aging to the circuit layout. Pressure tests confirmed a reliable
leak-tight operation of the final power module up to five bars
with no leakage. The proposed method is a low-cost, practical
solution to overcome the challenges of bridging the microscale
and macroscale plumbing in microfluidic cooling.

C. Experimental Evaluation

For comparison, two additional power modules were prepared
using conventional cooling methods. In one case, an unprocessed
die was soldered on a printed circuit board which relied purely
on natural convection [see Fig. 4(a)] - referred to as uncooled. In
a second reference device, a heat sink of comparable footprint to
the 3D-printed cap was mounted on an unprocessed device, for
which a fan was utilized to generate forced convection cooling,
referred to as Fan + heat sink (HS) [see Fig. 4(b)]. Both of them
were evaluated alongside the power IC with in-chip microfluidic
cooling [see Fig. 4(c)], which was installed in an experimental
setup shown in Fig. 4(d).

A reservoir of deionized (DI) water at 22 °C was pressurized
with compressed air to control the flow rate of coolant passing
through the above shown open-loop [see Fig. 4(d)] and supplying
liquid to the cooled chip, which was monitored using a flow
meter (Sensirion SLQ-QTS500), and the coolant was disposed
into a waste reservoir after use, in an open-loop setup.

No liquid leakage nor corrosion were observed under these
operating conditions. DI water was used in this study since only
low voltages were considered. For high voltage applications,
dielectric coolants, such as Novec7200 should be used to avoid
short-circuit since the silicon substrate is usually electrically
connected to the source of the device. The use of such coolants
for higher voltage single transistors (650 V) were demonstrated
in previous works [28]. Further investigation on the effect of
liquid cooling (either DI water or dielectric) embedded in the
silicon substrate, presented in [28], revealed no negative impact
on the device electrical characteristics, such as threshold voltage
and dynamic on-resistance.
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Fig. 5. (a) Device temperature rise versus dissipated power under reverse

conduction for three different cooling approach. (b) Comparison of junction
to coolant thermal resistance for three cooling approaches. (c) Device DC
characteristics under forward conduction for different cooling approaches.
(d) Theoretical maximum current for three cooling approaches based on the
thermal resistance.

Coolant inlet and outlet temperature on the package were
measured using a k-type thermocouple, and the device tem-
perature was monitored using a resistance temperature detector
(RTD) mounted right below the GaN device, thermally coupled
using copper vias. This approach was previously described and
validated in [29]. A control board provides the power module
with an input voltage, complementary PWM signals, supply
voltage, and connects the output terminals to a load.

Fig. 5(a) shows a steady-state temperature rise during power
dissipation (measured under reverse conduction mode, in which
the devices exhibit high forward voltage drops and dissipate
larger power). The uncooled reference could dissipate 2.0 W of
power before reaching a junction temperature rise of 100 °C,
corresponding to a thermal resistance of 50 K/W. Adding a heat
sink and fan resulted in a maximum dissipated power of 5.2 W,
corresponding to a thermal resistance of 19.2 K/W. In compar-
ison, embedded microchannel cooling at a flow rate of 0.5 ml/s
showed a temperature rise of only 31 °C at a power dissipation
of 35 W, corresponding to a thermal resistance of 0.88 K/W.
This represents heat fluxes of up to 350 W/cm? (but not limited
to), which justifies the range chosen in the model presented in
Fig. 2. Thus, on a similar electrical device, a 22-fold reduction
in temperature rise can be obtained by integrating microchannel
cooling in the substrate. This corresponds to a thermal resistance
of 0.89 K/W and heat transfer coefficient (HTC) of 112.4 kW/m?
K for a flow rate of 0.5 ml/s and pressure drop below 0.4 bar. As a
comparison, jet impingement demonstrated in top-side cooling
of GaN IC in [30] showed an HTC of 100 kW/m? K at flow rate
of 1 1/min and pressure drop of 1.8 bar. This shows the benefits
of the proposed technology.
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Lower device temperatures can be achieved by further in-
creasing the flow rate [see Fig. 5(b)], which effectively reduces
the temperature rise of the coolant. The thermal resistance ob-
tained by integrating microchannel cooling is even lower than
the junction-to-board thermal resistance (R;.;,) of the device,
demonstrating that no bottom-side PCB cooling method can
possibly extract as much heat as embedded microchannels.

The effect of the improved thermal management on the device
dc characteristics (under forward conduction mode), can be
seen in Fig. 5(c). While no noticeable variation in R,y was
observed at a low forward voltage, as the forward voltage was
increased, the effect of self-heating on output current became
apparent. In the case of the uncooled device, a rapid decrease in
the output current slope was observed above 7.5 A. The Fan
+ HS device showed a similar trend occurring above 10 A,
while the liquid-cooled IC shows a nearly linear increase in
output current up to 20 A (limited by the equipment) with
minimal degradation. Thus, better cooling aids the increasing
of the power IC’s current capability in two ways: First, it
raises the limit on how much power can be extracted, and
second, it reduces conduction losses due to self-heating degra-
dation. This combined effect [see Fig. 5(d)] leads to an expo-
nential increase in current capability when reducing thermal
resistance.

D. Demonstration in Switching Mode

The integrated power modules were evaluated in a hard-
switched synchronous buck-topology with 48 V input voltage
and 24 V in the output (tested in open loop control) [see
Fig. 6(a)]. In this work, no specific application was targeted for
this step-down conversion, as the same cooling approach can be
used for many different applications. The fast-switching capa-
bilities of GaN HEMTs and the integrated gate driver circuitry
enable their operation at switching frequencies exceeding 2 MHz
[see Fig. 6(b)], which significantly reduces the requirements on
inductor sizing, thus enabling an extremely compact 48 V to
24 V buck converter. The temperature rise of the device was
measured using a RTD mounted underneath the PCB, located
below the DUT. Conversion efficiencies measured at 0.5, 1, and
2 MHz for the three evaluated cases are shown in Fig. 6(f)—(h).
In the case of natural convection, even at zero output current,
the hard-switching losses due to charging and discharging the
device output capacitance [31], as well as logic, and gate driver
losses already caused a high temperature rise, which increased
at higher switching frequencies. For example, at | MHz for the
case without cooling, these losses caused a 55 °C temperature
rise, without delivering any power to the load. At 2.2 A, which
corresponds to an output power of 51 W, the device reached
a temperature rise of 75 °C. For forced-air cooling, a larger
maximum current of 6.8 A could be reached for the same
device temperature rise, which corresponds to an output power
of 142 W. In contrast, due to the much-improved cooling and
reduced self-heating degradation, microfluidic cooling enabled
a much higher output power. At an output current of 10 A, the
device temperature rise remained below 30 °C (at 0.17 ml/s).
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Fig. 6. (a) Circuit schematic of the evaluated buck-converter, wherein the
components marked in blue are integrated within the liquid-cooled power IC.
(b) Waveforms of the switching-node voltage and output current at 2 MHz
operation. Chip temperature versus output current for an input voltage of 48 V
and a 50% duty cycle at (c) 0.5 MHz, (e) 1 MHz, and (g) 2 MHz. Power
conversion efficiency versus output current for an input voltage of 48 V and
a 50% duty cycle at (d) 0.5 MHz, (f) | MHz, and (h) 2 MHz. The flow rate was
0.17 ml/s for the liquid cooled device.

Athigher frequencies, where switching losses play an increas-
ingly important role, the benefits of microfluidic cooling become
even more apparent for maximizing output power. At 2 MHz, a
4.2-fold increase in output power could be achieved compared
to forced air-cooling, while natural convection could no longer
operate below 100 °C, even at zero output power (partially due
to the stored energy at the output capacitance that is dissipated
in the device channel).

The power conversion efficiency between the three cases
shows an identical pattern up to 3 A of output current, peak-
ing around 95%. This confirms that the postprocessing did
not damage the performance of either the logic or the power
HEMTs. Instead, above 3 A, the efficiency of microchannel
cooled device is higher, over a larger range of currents. An
increase of over 2 percentage points in efficiency (at 7.5 A)
compared to forced air-cooling is observed, which corresponds
to a reduction of around 25% in losses for the liquid-cooled
device [see Fig. 6(f)—(h)]. Part of this can be accounted by the
absence of self-heating degradation.

III. INTEGRATED POWER CONVERTER DESIGN

To demonstrate the enormous impact of embedded mi-
crochannel cooling on power density, a highly-compact buck-
converter was realized within an industry-standard 32nd brick
form factor. The power IC, inductor, capacitors, cap, and fluidic
connectors were fitted within a 19.1 mm x 23.4 mm footprint
[see Fig. 7(a)] with a height of 12.6 mm, resulting in a volume of
5.63 ml, and was mounted on a readout PCB shown in Fig. 7(b).
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Fig. 7. (a) Thirty-second brick DC-DC converter, with embedded cooling,
inductor, and fluidic connectors. The total volume of the PCB, electrical com-
ponents, cap, and connectors is 5 ml. (b) Thirty-second brick converter installed
on a readout PCB.
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Fig. 8. (a) Efficiency versus switching frequency at output power of 100 W.
(b) Temperature rise on the inductor for forced air-cooling and integrated
liquid cooling. (c) Efficiency versus output power. (d) Maximum power versus
converter surface area for commercially available standard DOSA brick power
converters from online catalogs (in black) for 8th brick, 16th brick, and 32nd
brick form factors, with input voltage of 48 V and different output voltages
(although the power density of converters with different output voltages cannot
be directly compared). Embedded microfluidic liquid cooling enables over a
four-time increase in output power compared to forced air-cooling.

Inductor selection introduces a challenge since its inductance
and dc resistance are inversely proportional to their volume.
A higher inductance value reduces the output voltage ripple,
and thus, the core and ac winding losses, but causes increased
conduction losses. The tradeoff between conduction losses and
core and winding losses was first investigated. Increasing the
switching frequency from 600 kHz to 2 MHz can decrease the
inductor losses by over two times. However, the increase in
switching losses on the power IC can easily negate these effects.
A sweep in switching frequency at a fixed inductance of 2 pH
and output power of 100 W, revealed a peak efficiency at | MHz
[see Fig. 8(a)]. Fig. 8(b) and (c) shows the temperature rise and
efficiency versus output power for an input voltage of 48 V and
a fixed 50% duty cycle at switching frequency of 1 MHz. This
highly-compact buck converter reaches a high-power density of
78 kW/l with a maximum output power of 440 W before reaching
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a temperature rise of 64 °C. In contrast, commercially-available
32nd brick 48 V-input de—dc converters are currently limited to
60 W [see Fig. 8(d)]. This result shows that embedded liquid
cooling enables over four-time increase in output power com-
pared to air-cooling, while maintaining a low device temperature
rise. This can have a major impact on space- and weight-sensitive
applications, such as automotive and aerospace.

IV. CONCLUSION

In this work, we have demonstrated a switch-mode power
supply based on in-chip liquid-cooled power ICs with state-
of-the-art electrical and thermal performance. A simple wafer-
scale postprocessing method has the potential to be low cost and
achieve high volume production. We have demonstrated that
embedded microchannel cooling can reduce thermal resistance
by over a factor of 20. Over 40 W of heat was extracted from a
single IC, thus taking away existing design constraints that limit
current applications.

With a hard-switched buck-converter topology, a fully inte-
grated converter in a 32nd brick form factor, was demonstrated
presenting over 4x-higher output power compared to forced air-
cooling, at a very low flow rate of 0.5 ml/s. In applications where
liquid cooling loops are readily available, such as automotive
applications, this technology can be key for reducing weight
and volume. It should be noted that there is significant room for
improvement by optimizing the converter topology to further
reduce switching losses, which was not within the scope of
this work. Due to the heterogeneous power map of GaN ICs, a
large opportunity arises for microfluidic topology optimization
to ensure temperature uniformity. If this is correctly addressed,
we foresee that high-frequency soft-switching topologies com-
bined with embedded microchannel cooling will enable drastic
increase in power density and efficiency.

The presented approach highlights the advantages of design-
ing integrated semiconductor devices and cooling not as separate
entities, but as one unified process. Altogether, the inclusion of
microfluidic cooling and additive manufacturing in the toolbox
of the power electronics engineers has the potential to break
existing thermal limitations and enable an additional degree of
integration. This extended toolbox can play a key role in the
development of smaller and lighter power converters that are
key for supporting the ongoing electrification of our society.

ACKNOWLEDGMENT

Views and opinions expressed are, however, those of the
author(s) only and do not necessarily reflect those of the Eu-
ropean Union or the national granting authorities. Neither the
European Union nor the national granting authorities can be
held responsible for them.

REFERENCES

[1] M. Makoschitz, K. Krischan, P. Bergmann, A. Diaz, and R. Brueniger,
“Wide band gap technology: Efficiency potential and application readiness
map,” 2020.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

[2] V. Veliadis et al., “ITRW: Formulating a roadmap for WBG and UWBG
materials and devices,” United States: N. p., 2019, doi: 10.2172/1762661.

[3] D.J.Perreaultetal., “Opportunities and challenges in very high frequency
power conversion,” in Proc. IEEE 24th Annu. Appl. Power Electron. Conf.
Expo., 2009, pp. 1-14, doi: 10.1109/APEC.2009.4802625.

[4] D. Maksimovi¢, Y. Zhang, and M. Rodriguez, “Monolithic very high
frequency GaN switched-mode power converters,” in Proc. [EEE Custom
Integr. Circuits Conf., 2015, pp. 1-4, doi: 10.1109/CICC.2015.7338386.

[5] E. A. Jones, F. F. Wang, and D. Costinett, “Review of commercial GaN
power devices and GaN-based converter design challenges,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 4, no. 3, pp. 707-719, Sep. 2016,
doi: 10.1109/JESTPE.2016.2582685.

[6] N.Fichtenbaum, M. Giandalia, S. Sharma, and J. Zhang, “Half-bridge GaN
power ICs: Performance and application,” IEEE Power Electron. Mag.,
vol. 4, no. 3, pp. 3340, Sep. 2017, doi: 10.1109/MPEL.2017.2719220.

[71 O.A.LK.S.Moench,R.Reiner, P. Waltereit, J. Hueckelheim, and R. Quay,
“A 600 V GaN-on-Si power IC with integrated gate driver, freewheeling
diode, temperature and current sensors and auxiliary devices,” in Proc.
11th Int. Conf. Integr. Power Electron. Syst., 2020, pp. 1-6.

[8] R.Reiner et al., “Monolithically integrated power circuits in high-voltage

GaN-on-Si heterojunction technology,” IET Power Electron., vol. 11,no. 4,

pp. 681-688, Apr. 2018, doi: 10.1049/iet-pel.2017.0397.

L. Nela, R. Van Erp, G. Kampitsis, H. K. Yildirim, J. Ma, and E. Matioli,

“Ultra-compact, high-frequency power integrated circuits based on GaN-

on-Si Schottky barrier diodes,” IEEE Trans. Power Electron., vol. 36, no. 2,

pp. 1269-1273, Feb. 2021, doi: 10.1109/TPEL.2020.3008226.

“EPC2152 80 V, 15 A ePower stage PRELIMINARY EPC2152 80

V, 15 A ePower stage preliminary datasheet revision 2.0,” 2021.

[Online]. Available: https://epc-co.com/epc/Portals/0/epc/documents/

datasheets/EPC2152_datasheet.pdf

X. Li et al., “Suppression of the backgating effect of enhancement-mode

p-GaN HEMTs on 200-mm GaN-on-SOI for Monolithic Integration,”

IEEE Electron Device Lett., vol. 39, no. 7, pp. 999-1002, Jul. 2018,

doi: 10.1109/LED.2018.2833883.

X. Li et al., “200V enhancement-mode p-GaN HEMTs fabricated on

200mm GaN-on-SOI with trench isolation for monolithic integration,”

IEEE Electron Device Lett., vol. 38, no. 7, pp. 918-921, Jul. 2017,

doi: 10.1109/LED.2017.2703304.

M. Basler et al.,, “Building blocks for GaN power integration,”

IEEE Access, vol. 9, pp. 163122-163137, 2021, doi: 10.1109/AC-

CESS.2021.3132667.

K.J.Chenetal., “GaN-on-Si power technology: Devices and applications,”

1IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 779-795, Mar. 2017,

doi: 10.1109/TED.2017.2657579.

R. Guggenheim and L. Rodes, “Roadmap review for cooling high-

power GaN HEMT devices,” in Proc. IEEE Int. Conf. Microw., An-

tennas, Commun. Electron. Syst., 2017, pp. 1-6, doi: 10.1109/COM-

CAS.2017.8244734.

D. B. Tuckerman and R. F. W. Pease, “High-performance heat sinking for

VLSI,” IEEE Electron Device Lett., vol. 2, no. 5, pp. 126-129, May 1981,

doi: 10.1109/EDL.1981.25367.

B. Agostini, M. Fabbri, J. E. Park, L. Wojtan, J. R. Thome, and B. Michel,

“State of the art of high heat flux cooling technologies,” Heat Transfer Eng.,

vol. 28, no. 4, pp. 258-281, Apr. 2007, doi: 10.1080/01457630601117799.

S. V. Garimella et al., “Thermal challenges in next-generation elec-

tronic systems,” IEEE Trans. Compon. Packag. Technol., vol. 31, no. 4,

pp. 801-815, 2008, doi: 10.1109/TCAPT.2008.2001197.

T. Wei et al., “High-efficiency polymer-based direct multi-jet impinge-

ment cooling solution for high-power devices,” IEEE Trans. Power Elec-

tron., vol. 34, no. 7, pp. 6601-6612, Jul. 2019, doi: 10.1109/TPEL.

2018.2872904.

D. Mundinger et al., “Demonstration of high-performance silicon mi-

crochannel heat exchangers for laser diode array cooling,” Appl. Phys.

Lett., vol. 53, no. 12, pp. 1030-1032, Sep. 1988, doi: 10.1063/1.100055.

K. P. Drummond et al., “Evaporative intrachip hotspot cooling with a

hierarchical manifold microchannel heat sink array,” in Proc. IEEE 15th In-

tersociety Conf. Thermal Thermomechanical Phenomena Electron. Syst.,

2016, pp. 307-315, doi: 10.1109/ITHERM.2016.7517565.

D. Back et al., “Design, fabrication, and characterization of a compact

hierarchical manifold microchannel heat sink array for two-phase cool-

ing,” IEEE Trans. Compon., Packag. Manuf. Technol., vol. 9, no. 7,

pp. 1291-1300, Jul. 2019, doi: 10.1109/TCPMT.2019.2899648.

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


https://dx.doi.org/10.2172/1762661
https://dx.doi.org/10.1109/APEC.2009.4802625
https://dx.doi.org/10.1109/CICC.2015.7338386
https://dx.doi.org/10.1109/JESTPE.2016.2582685
https://dx.doi.org/10.1109/MPEL.2017.2719220
https://dx.doi.org/10.1049/iet-pel.2017.0397
https://dx.doi.org/10.1109/TPEL.2020.3008226
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2152_datasheet.pdf
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2152_datasheet.pdf
https://dx.doi.org/10.1109/LED.2018.2833883
https://dx.doi.org/10.1109/LED.2017.2703304
https://dx.doi.org/10.1109/ACCESS.2021.3132667
https://dx.doi.org/10.1109/ACCESS.2021.3132667
https://dx.doi.org/10.1109/TED.2017.2657579
https://dx.doi.org/10.1109/COMCAS.2017.8244734
https://dx.doi.org/10.1109/COMCAS.2017.8244734
https://dx.doi.org/10.1109/EDL.1981.25367
https://dx.doi.org/10.1080/01457630601117799
https://dx.doi.org/10.1109/TCAPT.2008.2001197
https://dx.doi.org/10.1109/TPEL.2018.2872904
https://dx.doi.org/10.1109/TPEL.2018.2872904
https://dx.doi.org/10.1063/1.100055
https://dx.doi.org/10.1109/ITHERM.2016.7517565
https://dx.doi.org/10.1109/TCPMT.2019.2899648

VAN ERP et al.: IN-CHIP MICROFLUIDIC COOLING INTEGRATED ON GAN POWER IC REACHING HIGH POWER DENSITY OF 78KW/L 9723

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

R. van Erp, R. Soleimanzadeh, L. Nela, G. Kampitsis, and E. Ma-
tioli, “Co-designing electronics with microfluidics for more sustain-
able cooling,” Nature, vol. 585, no. 7824, pp.211-216, Sep. 2020,
doi: 10.1038/s41586-020-2666-1.

V. Gambin et al., “Impingement cooled embedded diamond multi-
physics co-design,” in Proc. IEEE 15th Intersociety Conf. Thermal
Thermomechanical Phenomena Electron. Syst., 2016, pp. 1518-1529,
doi: 10.1109/ITHERM.2016.7517729.

R. van Erp, G. Kampitsis, L. Nela, R. Soleimanzadeh, N. Perera, and
E. Matioli, “Bringing the heat sink closer to the heat: Evaluating die-
embedded microchannel cooling of GaN-on-Si power devices,” in Proc.
26th Int. Workshop Thermal Investigations ICs Syst., 2020, pp. 17-23,
doi: 10.1109/THERMINIC49743.2020.9420501.

R. Van Erp, G. Kampitsis, L. Nela, R. S. Ardebili, and E. Matioli,
“Embedded microchannel cooling for high power-density GaN-on-Si
power integrated circuits,” in Proc. IEEE 19th Intersociety Conf. Ther-
mal Thermomechanical Phenomena Electron. Syst., 2020, pp. 53-59,
doi: 10.1109/ITherm45881.2020.9190356.

R. van Erp and E. Matioli, “18 - Microfluidic cooling for GaN electronic
devices,” in Thermal Management of Gallium Nitride Electronics, M.
J. Tadjer and T. J. Anderson Eds., Sawston, U.K.: Woodhead, 2022,
pp. 407-439, doi: 10.1016/B978-0-12-821084-0.00013-5.

L. Nela, R. Van Erp, N. Perera, A. Jafari, C. Erine, and E. Matioli,
“Impact of embedded liquid cooling on the electrical characteristics of
GaN-on-Si power transistors,” IEEE Electron Device Lett., vol. 42, no. 11,
pp. 1642-1645, Nov. 2021, doi: 10.1109/LED.2021.3114056.

R. Van Erp, N. Perera, L. Nela, and E. Matioli, “Embedded microchannel
cooling for monolithically-integrated GaN half-bridge ICs,” in Proc. 27th
Int. Workshop Thermal Investigations ICs Syst., Berlin, Germany, 2021,
pp. 1-6, doi: 10.1109/THERMINIC52472.2021.9626476.

R. varma Ramaraju, M. S. Zaman, M. Passandideh-Fard, O.
Trescases, and S. Chandra, “High heat-flux removal from topside-
cooled GaN power devices by water jet impingement using 3D-
printed nozzless,” IEEE Trans. Compon. Packag. Manuf. Technol., 2023,
doi: 10.1109/TCPMT.2023.3306706.

N. Perera, A. Jafari, R. Soleimanzadeh, N. Bollier, S. G. Abeyratne, and
E. Matioli, “Hard-switching losses in power FETs: The role of output
capacitance,” IEEE Trans. Power Electron., vol. 37, no. 7, pp. 7604-7616,
Jul. 2022, doi: 10.1109/TPEL.2021.3130831.

Remco van Erp received the B.Sc. and M.Sc. degrees
in mechanical engineering from Eindhoven Univer-
sity of Technology, Eindhoven, The Netherlands, in
2014 and 2017, respectively, and the Ph.D. degree
in microsystems and microelectronics from Swiss
Federal Institute of Technology Lausanne, Lausanne,
Switzerland, in 2022.

He is currently co-founder and CEO of Corintis,
Lausanne, Switzerland. His research interests include
the design, validation, and manufacturing of micro-
scale liquid cooling for high-power logic chips for
datacenter applications.

Nirmana Perera (Member, IEEE) received the B.Sc.
degree in electrical and electronic engineering from
the University of Peradeniya, Peradeniya, Sri Lanka,
in 2011, the M.Sc. degree in power electronics and
energy systems from the University of Alberta, Ed-
monton, AB, Canada, in 2015, and the Ph.D. degree
in electrical engineering from Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland, in
2022 (with a focus on the design and analysis of high-
[frequency power converters, and characterization of
wide-bandgap devices).

He was a Lecturer with the Department of Electrical and Electronic Engi-
neering, University of Peradeniya, Peradeniya, Sri Lanka, from 2015 to 2017.
In 2022, he was an Application Engineer with Cambridge GaN Devices, Cam-
bridge, U.K.

Luca Nela received the Ph.D. degree in GaN power
devices from Ecole Polytechnique Fédérale de Lau-
sanne, Lausanne, Switzerland, in 2022.

His research interests include the development of
novel GaN power devices and converters.

Dr. Nela is the recipient of several awards in power
electronics and devices including the Charitat Award
for Best Young Researcher (2020, 2021), the Swiss
Technology Award (2021), and the 2022 EPFL Doc-
toral Thesis Award.

Ibrahim Osama Elhagali (Graduate Student Mem-
ber, IEEE) received the B.Sc. degree in mechani-
cal engineering from Menofia University, Shibin Al
Kawm, Egypt, in 2016, and the M.Sc. degree in
mechanical engineering from Penn State University,
State College, PA, USA, (Fulbright Scholarship), in
2021. He is currently working toward the Ph.D. de-
gree in mechanical engineering from Ecole Polytech-
nique Fédérale de Lausanne, Lausanne, Switzerland.

His main research interest includes thermal man-
agement of high heat flux electronics.

Hongkeng Zhu (Graduate Student Member, IEEE)
received the B.S. and M.S. degrees in electrical engi-
neering from Xi’an Jiaotong University, Xi’an, China,
in 2018 and 2021, respectively, and the engineering
diploma from Ecole Centrale de Lyon, Lyon, France,
in 2021. He is currently working toward the Ph.D.
degree in electrical engineering with Ecole Poly-
technique Fédérale de Lausanne, Lausanne, Switzer-
land.

His current research interests include wide bandgap
semiconductor device design, characterization, and
applications for high-frequency high-efficiency power conversion technologies.

Mr. Zhu is a Marie Sklodowska-Curie fellow.

Elison Matioli (Senior Member, IEEE) received the
double B.Sc. degrees in 2005 in applied physics and
mathematics from Ecole Polytechnique, Palaiseau,
France and in electrical engineering from Escola
Politecnica, Universidade de Sao Paulo, Sdo Paulo,
Brazil, and the Ph.D. degree in 2010 in material
science from the Materials Department, University of
California at Santa Barbara, Santa Barbara, CA, USA.

He was a Postdoctoral Fellow with the Mas-
sachusetts Institute of Technology (MIT), Cam-
bridge, MA, USA, until 2014. He is currently an
Associate Professor with the Institute of Electrical and Micro-Engineering,
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland.
His research interests include wide-band-gap semiconductor devices for power
electronics and ultrafast RF devices, thermal management of electronics, and
high-efficiency high-power-density power converters.


https://dx.doi.org/10.1038/s41586-020-2666-1
https://dx.doi.org/10.1109/ITHERM.2016.7517729
https://dx.doi.org/10.1109/THERMINIC49743.2020.9420501
https://dx.doi.org/10.1109/ITherm45881.2020.9190356
https://dx.doi.org/10.1016/B978-0-12-821084-0.00013-5
https://dx.doi.org/10.1109/LED.2021.3114056
https://dx.doi.org/10.1109/THERMINIC52472.2021.9626476
https://dx.doi.org/10.1109/TCPMT.2023.3306706
https://dx.doi.org/10.1109/TPEL.2021.3130831


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


