co m m u n i cati o n S En g i n ee ri n g https://doi.org/10.1038/544172-026-00620-9
Article in Press

Co-packaged electronics with microfluidics for
direct-to-package cooling

Received: 11 April 2025 Henry A. Martin, Zihan Zhang, Mahad Saeed, Sander Dorrestein, Edsger . P. Smits, René
Accepted: 11 February 2026 H. Poelma, Willem D. van Driel & GuoQi Zhang

We are providing an unedited version of this manuscript to give early access to its

Cite this article as: Martin, H.A.,
Zhang, Z., Saeed, M. et al. Co- findings. Before final publication, the manuscript will undergo further editing. Please

note there may be errors present which affect the content, and all legal disclaimers

packaged electronics with
microfluidics for direct-to-package apply.
cooling. Commun Eng (2026). https://

; If this paper is publishing under a Transparent Peer Review model then Peer
doi.org/10.1038/544172-026-00620-9

Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.



Co-Packaged Electronics with Microfluidics for
Direct-to-Package Cooling

Henry A. Martin®23" | Zihan Zhang?®, Mahad Saeed!*, Sander Dorrestein’2, Edsger C. P. Smits™?
René H. Poelma®® ", Willem D. van Driel® ©, GuoQi Zhang®

! Chip Integration Technology Center (CITC), Transistorweg 5T, 6534 AT Nijmegen, The Netherlands.
2 Netherlands Organisation for Applied Scientific Research TNO, Anna van Buerenplein 1, 2595 DA Den Haag, The
Netherlands.
3 Delft University of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands.
4 Hochschule Rhein-Waal, Marie-Curie-Strafie 1, 47533 Kleve, Germany.
5 Nexperia BV, 6534 AB Nijmegen, The Netherlands.

. henry.martin@tno.nl

Abstract

Power semiconductors operating under high heat fluxes and elevated temperatures rely on liquid-cooled heat
sinks with substantial coolant volumes. Recent advancements in direct-to-chip (D2C) cooling techniques have
shown enhanced thermal performance, reduced energy consumption, compact form factor, and minimized
coolant usage. However, integrating microchannels onto semiconductor substrates poses significant fabrica-
tion challenges. Hence, we propose a direct-to-package (D2P) cooling approach that embeds microchannels
within the package substrate, thereby bypassing the need for Thermal Interface Materials and complex fabri-
cation processes. This D2P approach achieves high heat flux dissipation (up to ~ 625 W cm~2) tested in this
study, while consuming a fraction of the coolant volume (~ 2 — 4 mL). The co-packaged architecture demon-
strates ~ 6 — 7x lower junction temperatures and thermal resistances than ambient-air cooling and ~ 2 — 3x
lower than heat sink cooling. A very high coefficient of performance is achieved, with an effective global Nusselt
number > 10. This work establishes D2P liquid cooling integration as a scalable and energy-efficient approach
for high-power systems.

Introduction

The drive towards miniaturization and increasing
power densities exacerbates thermal management chal-
lenges in discrete power semiconductor devices. Power
inverters in electric vehicles (EV) experience temper-
ature fluctuations exceeding >110°C, with heat flux
ranging from ~ 100 W cm™2 to ~ 1000 W cm™2, re-
spectively 2.

Medium h Q
Wm?K! W cm™?

Free convection

Gases 2-25 0.06 — 0.69

Liquids 50 — 1000 1.38 — 27.5
Forced convection

Gases

Liquids 25 — 250 0.69 — 6.88

100 — 20000 2.75 — 550.0

Convection with
phase change

Boiling or 2500 — 100,000 | 68.75 — 2750.0

condensation

Table 1: Typical values of convective heat transfer co-
efficient h of different fluids®, and their corresponding
heat flux @ limits determined for a AT of 275 °C.

Consequently, traditional cooling methods based on
free and forced air convection are thermally limited
due to their low convective heat transfer coefficients
compared to those of liquids and steam under forced
convection (see Table 1). Up to ~ 55% failures in power
converters are associated with thermal stresses?, and
prolonged exposure to elevated temperatures reduces
the device lifespan and compromises the system effi-
ciency and performance. Hence, there is a strong de-
mand for innovative thermal management approaches,
which is reflected in the global market for thermal man-
agement technologies, projected to reach USD 8.9 bil-
lion in 2024°.

Electric vehicles predominantly wuse liquid-cooled
heatsinks for their traction inverter and rectifier mod-
ules. For example, the 2015 Tesla Model-S 70D fea-
tures 36 paralleled TO-247 discrete packaged IGBTs
enclosed within an internal cavity heat sink%7. Like-
wise, the Chevrolet Volt, Toyota Prius, and Nissan Leaf
employ liquid-cooled heat sinks for their IGBT mod-
ules%® 11 Although liquid-cooled heat sinks are preva-
lent in EVs, their integration mostly requires Thermal
Interface Materials (TIM) for electrical isolation and to
reduce contact thermal resistances. The impact of TIM



Heat Sink Cooling Direct-to-Chip Direct-to-Package
(Current Commercial (D2C) Cooling (D2P) Cooling
Technology) (State-of-the-Art Technology) (Proposed Technology)
Integration . Integrated within the Integrated within the package
Metiod Integrated (mostly) using TIM semigconductor substrate subs%crate ¢
Thermal Chip — Die-Attach — Package Chip — Liquid-cooled C.hip. — Die-Attach —
Network Substrate — TIM — Semiconductor Substrate Liquid-cooled Package
Liquid-cooled Heat Sink Substrate
Advantages 1. Size and geometry similar to | 1. Substantially lower thermal | 1. Low thermal resistance.
traditional heat exchangers. resistance. 2. Comparable performance to
2. Multiple devices can be | 2. Enables maximum device direct-to-chip cooling.
cooled. performance. 3. Lowers energy consumption.
3. Easy to manufacture and | 3. Lowers energy consumption. | 4. Small footprint area.
scale. 4. Very small footprint area. 5. Less coolant consumption.
4. Low integration complexity. | 5. Less coolant consumption. 6. Low integration complexity.
5. High mechanical robustness. 7. Feasible on lateral and verti-
6. No electrical isolation con- cal transistors (needs electri-
cerns. cal isolation).

8. Easy to manufacture and
scale.

9. Supports heterogeneous inte-
gration (chiplets, multi-chip
packages).

10. Thermo-mechanical stresses
better managed.
Limitations . . \ . . . o
1. Relatively high thermal re- | 1. Very high integration com- | 1. Devices must be individually
sistance (poor TIM conduc- plexity (wafer-level fabrica- cooled.
tivity). tion and a thick passive semi- | 2. Maintenance challenges.
2. Complexity in TIM manage- conductor).
ment. 2. Not suitable for vertical tran-
3. Limits maximum device per- sistors.
formance. 3. Hard to commercialize at
4. High energy consumption. scale.
5. Requires large footprint. 4. Devices must be individually
6. Large coolant volumes cooled.
needed. 5. Maintenance challenges.
7. Poor scalability with in-
creasing power density.
Application | Mid-to-high power electronics High-power, high-density (Al Mid—.to—h.igh power, chiplets,
accelerators) multi-chip packages

Table 2: Comparison of cooling technologies: Heat Sink, Direct-to-Chip, and Direct-to-Package.

on device thermal coupling has been discussed in

12-14

lithically integrated microchannels on a passive silicon

In addition, liquid-cooled heat sinks are bulky and re-
quire substantial coolant volumes. For example, the
inverter module on the Tesla Model S 2015 weighs 5.8
kilograms and has 6.4 liters of internal volume®. Fur-
thermore, liquid-cooled heat sinks are positioned far-
ther from the device thermal junctions, making con-
duction heat losses more significant than convection
through the heat sink. An overview of trends and chal-
lenges in thermal management for power converters is
provided in o718,

In contrast, direct-to-chip (D2C) liquid cooling so-
lutions based on micro-channel and micro-convection
are gaining interest, particularly for data centers and
high-performance computing applications'®22. A co-
designed GaN-on-Silicon AC-DC converter with mono-

substrate was demonstrated in2%24. Likewise, TSMC
developed a liquid cooling solution directly to silicon
by embedding microchannels into a silicon 1id2°. Chip-
level integration minimizes the thermal gap and sub-
stantially reduces thermal resistances, while offering
the benefits of high performance, low energy consump-
tion, smaller footprint area, and reduced coolant vol-
umes. Despite their benefits, direct-to-chip liquid cool-
ing encounters integration complexities and scalability
issues, as highlighted in2S.

Hence, we introduce an alternative integration ap-
proach of co-packaging electronics with microfluidics
that enables direct-to-package (D2P) cooling. In Ta-
ble 2, a comparative summary listing the advantages
and limitations of commercial heat sink cooling, D2C
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Figure 1: Design and prototype of the direct-to-package cooling concept demonstrated in this study.

cooling, and the proposed D2P cooling technologies
is provided. The benefits of integrating cooling at a
package-level reduce integration complexities and fa-
vor scalability, while eliminating the need for complex
TIM management as required in most traditional heat
sinks. Figure 1 illustrates the design and prototype of
the direct-to-package cooling concept demonstrated in
this study. A quad-flat no-leads (QFN) surface mount
package type was chosen due to ease of demonstration,
which encloses a silicon chip sintered onto a copper sub-
strate with embedded microchannels. In this paper,
the heat dissipation capability of the D2P cooling ap-
proach was demonstrated up to ~ 625 W cm™2 with a
maximum coolant flow rate of 0.2 ml s~!, and the max-
imum junction temperature capped at 300 °C. Based
on the experimental results, the following observations
were drawn:

1. ~ 6 — 7x lower junction temperature and ther-
mal resistance is achieved when compared to
packages with ambient air convection cooling.

2. ~ 2 — 3x lower junction temperature and ther-
mal resistance is achieved when compared to
packages mounted on a liquid-cooled heat sink
(30ml s—1) with TIM.

3. High Coefficient of Performance (COP) exceed-
ing 10% at a AT of 60 °C, and 10* at a AT of 275
°C is achieved, with very high effective Global
Nusselt numbers (Nueg.g > 10), which is in par
to D2C cooling methods.

The convective heat transfer of the proposed concept
can be further improved by optimizing the microchan-
nel topology and coolant parameters. Notably, the
proposed D2P solution is not limited to single-phase

fluids, but can facilitate phase transition with latent
heat of evaporation to enhance heat absorption 2730,

Results

Performance Analysis

To quantify the benefits of D2P cooling, two surface
mount package configurations were realized:

e Reference packages with bulk copper substrate.

e Microfluidic packages with micro-channel inte-
grated copper substrate.

In this study, Thermal Test Chips (TTCs) with inte-
grated heaters and temperature sensors were used as an
active device. Calibration of both heaters and temper-
ature sensors is explained under the methods section.
It is important to note that the heating elements cover
~ 62% of the total chip area. Hence, the heat flux
needs to be computed based on the area of the heat-
ing elements. The reference packages with bulk copper
substrate were tested as follows:

e Reference packages on PCB with ambient air con-
vection cooling, and

e Reference packages on PCB with forced convec-
tion cooling using a liquid-cooled heat sink.

The thermal vias on the PCB transfer the heat from the
package to the heat sink through the thermal interface
material (TIM). The results of the reference packages
were further compared to microfluidic packages tested
at 0.1 ml s=% 0.15 ml s7%, and 0.2 ml s~! (see Figure
2a).



<
250 1 =
—Reference = [
— —Reference on Heatsink (30 ml's™') Pt = 10081 - i1 % . F
é) 200 _ ., o 1 @steady state F g 1657 o //.
2, Microfluidic (0.10 mI's™) - = 5 =
- o . Kl T 5 [ ,/y/
- Microfluidic (0.15 ml s 1) H g_ 110 . M Reference
[0} [ —— - E | 2 g )
5 150 Microfluidic (0.20 mIs™) €N K} F i @ Reference on Heatsink (30 ml's™')
® - ® Microfluidic (0.10 mi's™)
8 100 F P, (t=100s) =3.05W | - r @ Microfluidic (0.15 ml s'1)
g @steady state L ® Microfluidic (0.20 mis™)
— 0\"” P I T ST T S S S S s |
S 50F P, (t="10s) = 2.78W i 0 5 10 15 20 25 30 35 40
- P(t=0s) = 2.54_W_ B islaiu - @steady state Heater Power Input (Pin) at Steady State [W]
over 0.2mm x 3.2mm x 10Nos. of heaters
0_3 ‘_2 ‘_1 ‘0 ‘1 ‘2 3 e v b v b e b e e e b e e b e e b e
10 10 10 10 10 10 10 0 781 166.3 2344 3125 390.6 468.8 546.9 625
Time [s] Heat Flux (Q) at Steady State [W cm?]
(a) (b)
105 . Heat Sink Cooling
(this paper)
@ COP@AT=60°C
COP @ AT = 275°C
4 Direct-to-Chip
10
COP @AT = 60°C
o
3
O, 3 ®
10 Multi-Jet Impinging 233!
[ ]
2 Direct-to-Package
10 (this paper)
0 500 1000 1500 2000

Heat Flux (Q) at Steady State [W cm’z]
(c)

Figure 2: Overview of thermal performance characterization and comparison across different cooling strategies.
(a) Transient to steady-state thermal measurements comparing the reference package (with ambient cooling
and heat sink cooling - 30 ml s~!), and the microfluidic-cooled package at 0.1 ml s=*, 0.15 ml s~!, and 0.2 ml
s~! flow rates. (b) Steady-state junction temperature variation as a function of power input and heat flux in
W cm™2. A linear slope was fitted to the measurements. (c) Coefficient of Performance (COP) plotted against
heat flux for different cooling technologies. COP values are based on steady-state AT of 60 °C and 275 °C.
The COPs for monolithic manifold microchannels are experimental-based at AT of 60 °C reported in??, while

jet-impingement results are simulation-based at AT of 60 °C reported in

An input power of 2.64 W (Current I = constant) was
applied onto the heaters that are distributed over the
TTC surface, and the junction temperature (Tj) was
measured using the temperature sensor until thermal
equilibrium (steady-state) was reached. Due to the in-
creasing surface temperature, the electrical resistance
of the heaters also increases, resulting in higher input
power as the device reaches steady-state conditions.
The temperature sensitivity of the heaters was deter-
mined to be ~ 0.047 Q °C~!, which is explained under
the methods section. Accordingly, the resulting power
input Pj, at steady-state was determined for all test
case conditions, i.e., for reference packages with and
without a heat sink, and also for microfluidic packages
at different flow rates (see Figure 2a)

The reference packages with ambient convection cool-
ing reached a steady-state Tj of ~ 220 °C over 1000
seconds with Pj, increasing from 2.64 W to 4.11 W (see
Figure 2a). Likewise, the reference packages mounted
onto a heat-sink reached a steady state T of ~ 78 °C
over 100 seconds with P;, increasing from 2.64 W to
3.05 W, and consumed three liters of coolant flowing at

23;31

a constant rate of 30 ml s~!. In contrast, the microflu-
idic packages, attained a steady-state Tj of ~ 43°C
in under 20 seconds with Py, increasing from 2.64 W
to 2.78 W (see Figure 2a). The microfluidic packages
were tested at different flow rates, 0.1 ml s~!, 0.15 ml
s~! and 0.2 ml s~!, with a maximum coolant volume
of less than four milliliters to reach a steady-state Tj.
The transient response of the microfluidic packages in-
dicates a shift in time scale due to lower thermal capac-
itance (less copper) than bulk copper substrates. Also,
marginal variations in ATy (£ 0.5 °C) were observed
at different flow rates, likely due to insufficient heating
with the applied power input. The experiments were
further repeated with varying power inputs (see Figure
2b).

The maximum T; was constrained to the solder reflow
temperature of 300 °C, thereby limiting a maximum
AT of 275 °C. A linear slope was fitted to the measure-
ment results. With a heating power of less than 6 W
at steady state conditions, the reference packages with
ambient convection cooling reach a maximum steady-
state AT of ~ 275 °C. Likewise, the reference packages



with liquid-cooled heat sink reach a AT of ~ 170 °C at
~ 9 W, when further extrapolated to a AT of 275 °C,
indicates ~ 14 W input power. This highlights that
with proper thermal management, the device’s power
dissipation capability can be improved.

In case of microfluidic packages, the distance between
the thermal junctions and the cooling components is
significantly smaller, which enables to dissipate higher
power over the same device footprint. At 0.1 mls™!, a
AT of ~ 275 °C was reached at ~ 37 W, marking a ~
6 — 7x increase over the reference packages under am-
bient air convection and a ~ 2 — 3x increase over the
reference packages mounted onto a heat sink. At 0.15
ml s~ and 0.2 ml s7!, a AT of ~ 275 °C corresponds
to ~ 38 W and ~ 41 W, respectively. The maximum
input power at a AT of 275 °C for all three cases is tab-
ulated in Table 3. The corresponding heat flux @ at
steady state, highlighted in Figure 2b, was determined
by dividing the heater power input at steady state by
the heating element area.

It is important to realize that the choice of surface
mount package configuration in this study necessi-
tates a PCB between the package and the heat sink.
However, this does not adequately represent the cur-
rent commercial technology, where Through Hole (TO)
packages come in direct contact with the heat sink.
Hence, we addressed this discrepancy through thermal
simulations (see Supplementary Figure 4), where the
reference packages mounted onto a heat sink are simu-
lated with and without a PCB.

To further quantify the performance of direct-to-
package cooling, the Coefficient of Performance (COP)
parameter was determined. In?23, the COP is defined
as the ratio of extracted power to the pumping power
while maintaining a steady-state temperature differ-
ence AT .« of 60 °C as expressed in Equation 1,

ATmax

COP =
PpumpRtotal

(1)

where Ppump is the pumping power (Ppump = fAP),
which is the product of the volumetric flow rate f and
the pressure drop AP (see Supplementary Figure 2),
and Rgotal is the total thermal resistance (junction-to-
ambient). The Riota can be determined from Equation
2, which corresponds to the slope of the linear line fit-
ted in Figure 2b.

AT,
APin

Rtotal = (2)
Accordingly, the COP was determined at a ATp,,x of
60 °C and 275 °C for both reference packages on heat
sink cooling and the microfluidic packages (see Fig-
ure 2c¢). The coefficient of performance (COP) at a
AT of 275 °C is representative of transistors operating
at higher temperatures. For comparative analysis, the
COP of direct-to-chip (D2C) cooling is shown for both
monolithically integrated manifold microchannel (4x

and 10x integration density) demonstrated in??, and
the jet-impinging cooling technology simulated in3'. A
relatively high COP exceeding 103 at a AT of 60 °C,
and 10% at a AT of 275 °C, was observed with direct-to-
package (D2P) cooling, which is in par with the direct-
to-chip (D2C) cooling technology at the lower heat flux
range.

Heat Transport Efficiency Analysis

The Ryiotar of the microfluidic packages indicates the
lowest system resistance as compared to reference pack-
ages. For microfluidic packages, the Riotal i the sum-
mation of caloric thermal resistance Reajoric, convective
thermal resistance Reonyv, and conductive thermal resis-
tance Reong.

Rtotal By Rcaloric + RCOIIV + 1:{comd (3)
In principle, Reajoric can be determined based on the
change in coolant temperature (AT water = Twater out —
Twater in) and the power dissipated through the coolant
(Peoolant = fpcpATyater), where p and c, are the
coolant properties. While the inlet water temperature
is in a steady state, the outlet temperature exhibits
a transient behavior, though the device junction has
reached a thermal equilibrium. Ideally, the local tem-
perature of the coolant directly beneath the chip needs
to be recorded. In practice, this temperature cannot
be measured directly; therefore, the maximum out-
let temperature of the coolant recorded using a ther-
mocouple was used as an approximation to determine
ATyater (see Figure 3a). Consequently, the fraction of
power dissipating through the coolant (Pcoolant) is un-
known. Hence, an effective caloric resistance Realoric-eff
was determined from Equation 4, where the applied in-
put power AP;, was considered, which corresponds to
the slope of the line fitted in Figure 3a. The derived
Realoric-eff is provided in Table 3.

A’I‘water

A13111 (4)

Rcaloric—eﬁ =
Likewise, to determine the convective thermal resis-
tance Reony, the wall temperature AT, must be ob-
tained, i.e., the temperature difference between the top
copper plate of the microfluidic channel (T¢,) and the
coolant. To determine T¢,, a one-dimensional heat
transfer model was assumed, which also accounts for
the lateral heat spreading resistance within the top
plate (see Supplementary Figure 1). It is important to
note that the coolant temperature relevant to AT an
should ideally correspond to the local bulk tempera-
ture of the coolant near the wall surface, since there
are thermal losses along the ferrules and outlet tubing.
Consequently, the recorded maximum outlet tempera-
ture is an underestimation of the actual coolant tem-
perature near the wall surface. However, the maximum
outlet coolant temperature is expected to be a more
realistic estimate to determine AT, than the mean
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Variation in coolant (water) temperature and (b) Variation in wall temperature as a function of power input
and heat flux. A linear relationship was established in each plot (a and b).

coolant temperature between the inlet and outlet. Fur-
thermore, the Peoolant is not known. Hence, an effective
convection resistance Reonv-ef based on AP;, was de-
rived from Equation 5, which corresponds to the slope
of the linear line in Figure 3b. The derived Reony-eft 18
provided in Table 3.

ArI‘Wadl

APy, (%)

Rconv- eff =

It is important to note that only ~ 78% of the total chip
area (Achip = 3.2 mm x 3.2 mm) is in direct contact
with the coolant, i.e., the wetted arca = ~ 78% of Acpip,
and the remaining ~ 22% is bonded via a silver-filled
epoxy adhesive. As a result, the Reonv-ef parameter
represents an effective thermal resistance from the top
copper plate to the fluid outlet. The obtained Rconv-eff
accounts for the convective heat transfer through the
coolant-contacted region, the conductive heat transfer
through the epoxy-bonded region, and the lateral heat
spreading resistance on the top copper plate. Conse-
quently, Reonv-eff includes parallel thermal paths and
should not be interpreted as a pure convective resis-
tance. The obtained Reonv-eff sShows relatively less de-
pendence on the flow rate as compared to Recaloric-eff
(see Table 3).

Subsequently, Reong can be determined from Equation
3, where the effective caloric and convective resistances
are considered. The obtained R¢onq includes the con-
ductive resistance contribution from the die to the top
copper plate predominantly, and it remains indepen-
dent of the fluidic flow rates. A summary of thermal
resistances is provided in Table 3. It is explicit that the
Reconv-eft 1s higher than Reajoric-eff and Reong, due to ad-
ditional components such as heat spreading resistance
and conductive resistance through the epoxy-bonded
region. However, optimizing the microfluidic design
and the coolant parameters will facilitate reducing the
convective resistances.

Furthermore, the effective global heat transfer coeffi-
cient heg. was obtained from the experimentally de-
termined convective resistance Reonv-ef and the total
chip footprint area Agp;p (see Equation 6).

1
Rconv—eff . Achip

(6)

hefg =

Since Reonv-et was determined based on a one-
dimensional model (see Supplementary Figure 1), the
extracted heg. is a lumped (area-averaged) heat trans-
fer coefficient referenced to the total chip area Agpip.
To further evaluate the heat-transfer performance, an
effective global Nusselt number (Nuegg) was calcu-
lated using Equation 7.

heg.c - Du

= (7)

Nuefr.g =
where Dy is the hydraulic diameter of the microchan-
nel, and k¢ is the thermal conductivity of the coolant
(for water ky = 0.6065 W m~! K~132). Accordingly, a
Nueg.¢ > 10 was obtained, indicating very high dissi-
pation capability of the microfluidic packages. Nueg.g
determined in Equation 7 yields an overall, dimension-
less measure of the device’s thermal performance rep-
resenting the system-level heat transfer. The obtained
heg.¢ and Nueg. is reported in Table 3.

Despite relatively higher Reonv-eff, the effective heat
transfer performance, denoted as Nueg.q, of the mi-
crofluidic integrated system indicates very high dissi-
pation capability, which must be due to the convective
heat transfer through the coolant integrated closer to
the device thermal junction. Optimizing the micro-
channel substrate design and the coolant parameters
can further improve the heat transport efficiency of
the microfluidic packages. Erp. et. al.,?? reports
Nusselt numbers for microchannels integrated on semi-
conductor substrates, which ranges from 2.6 to 6 for
straight parallel microchannels and a maximum of 16



for monolithic manifold microchannels. Though the
localized convection-based Nusselt number was not de-
termined in this study, the effective global Nusselt
numbers demonstrated are in a comparable range to
direct-to-chip cooling methods reported in?3.

Reference| Reference Microfluidic
ambient air|on heatsink package
convection | 30 ml s—1
0.1 0.15 0.2
mls~!|{mls™!|ml s—!
Max. Py,
W] @ T; 6 14 37 38 41
= 300°C
Rtotal
K W-1] 46.42 19.30 7.27 7.25 6.72
Rcaloric-cﬂ _ — 1.15 1.09 0.87
(W] . . .
Reonv-eff _ _ 5.80 5.84 5.53
K W] ' ' '
Reona - - 0.32 | 0.32 | 0.32
K W] . . .
hefi-G
[W m—2 — — 16844 | 16722 | 17672
K1
Nuﬁf]f-G _ - 10.41 | 10.34 | 10.93
Coolant
volume - 3000 2 3 4
[ml]

Table 3: Comparative summary of experimental results
for all three test cases.

Discussion

In this study, a co-packaging approach was introduced
for Direct-to-Package (D2P) cooling solution. This
is particularly important as commercial solutions rely
on bulky heat sinks with Thermal Interface Materials
(TIM) and substantial coolant volumes to yield optimal
thermal performance. Recent state-of-the-art devel-
opments focus on chip-level integration by either em-
bedding micro-channels onto semiconductor substrates
or micro-convection through jet-impingement. Despite
the performance advantages of Direct-to-chip (D2C)
cooling solution, they are complex, significantly expen-
sive, and require a thick passive semiconductor sub-
strate (for embedding micro-channels).

In contrast, our proposed D2P approach integrates
micro-cooling channels onto the package substrate,
thereby providing comparable thermal performance to
D2C techniques, without the associated complexities.
In this paper, a significant reduction in total thermal
resistance was demonstrated with D2P cooling, leading
to a lower steady-state junction temperature compared
to ambient air cooling and liquid-cooled heat sinks. No-
tably, the proposed solution consumed a fraction of the
coolant volume required by traditional heat sinks. The
Coefficient of Performance (COP) exceeded 10% at a
AT of 60 °C, and 10* at a AT of 275 °C with a rela-
tively high effective global Nusselt number comparable

to D2C techniques.

e Design optimization and material compatibility:
While this work validates the feasibility of D2P
cooling solution, future research should explore
optimization strategies for channel geometry, flu-
idic flow, fabrication methods, and other dielec-
tric fluids that are corrosion resistant.

e Alternative coolants and two-phase systems: Ad-
ditional performance gains can be achieved by
exploring different coolants, such as nanofluids,
phase change materials, and phase transition flu-
ids that use the latent heat of evaporation for
heat absorption. However, two-phase systems
require heat exchangers and condensers. Imple-
mentation of phase-change materials can poten-
tially act as a thermal buffer.

e Scalability and packaging integration: A key fu-
ture focus should be on integrating the D2P con-
cept into standard packaging, especially in high-
volume or automotive-grade systems. This in-
cludes ensuring mechanical reliability, manufac-
turability, and compatibility with assembly pro-
cesses.

e Applicability to different transistor architectures:
The D2P cooling strategy is not limited to lat-
eral transistors. It can potentially be extended
to vertical power devices as well, provided proper
electrical insulation of the coolant needs to be en-
sured to mitigate parasitic leakage paths or short-
ing risks for both lateral and vertical transistors.

e Reliability and long-term operation: The mi-
crofluidic structures are subjected to thermal and
mechanical stresses. Hence, it is important to as-
sess the long-term reliability and pressure stabil-
ity of the system.

The demonstrated co-packaged architecture for D2P
cooling holds immense potential in realizing high-power
electronic systems. Bridging the thermal gap by inte-
grating cooling components closer to the device junc-
tion is broadly applicable across a wide range of ap-
plications, namely sustaining high power operation in
SiC devices to enhancing RF power added efficiency in
GaN amplifiers. Thus, the D2P cooling strategy can
contribute to the development of reliable and sustain-
able electronics.



Methods

Selection and Calibration of the Semiconductor
Device

The choice of semiconductor device is crucial as it influ-
ences the package thermal performance analysis. Ther-
mal Test Chips (TTC) are specialized devices fabri-
cated through processes similar to semiconductor de-
vices. The design of TTCs is intended to simulate de-
vice junction (surface) heating through lithographically
defined heating elements, and the junction tempera-
ture is recorded using Resistance-based Temperature
Detectors (RTDs). Hence, a commercial silicon-based
TTC was used in this study (see Figure 4).
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Figure 4: Calibration of heating elements and

Resistance-based Temperature Detector (RTD). (a)
The resistance of all parallely connected heaters
was measured at nine different temperatures between
—55°C to +150°C. (b) The RTD resistance was mea-
sured at seven different temperatures between 0°C
and +150°C. To determine the RTD sensitivity at
higher temperatures, 3W power input was applied to
the heaters, while the steady state temperature was
recorded using an IR camera, and the RTD resistance
was simultaneously measured. Both plots (a) and (b)
exhibit a linear relation.

The heating elements on TTC were connected in paral-
lel to achieve a uniform temperature distribution along
the surface. The RTD is located centrally with 4-point
Kelvin contacts. It is essential to determine the tem-
perature sensitivity of the heating elements and the
RTD. In Figure 4a, the resistance of the parallelly con-
nected heating elements was measured at nine different
temperatures from —55 °C to 150 °C. A perfectly lin-
ear relationship was determined with a sensitivity of
0.047 Q °C~!. Likewise, the temperature sensitivity of
the RTD was determined through a two-step calibra-
tion process. For calibration below 150 °C, the RTD
was measured inside an oven at different ambient tem-
peratures. For temperatures above 150 °C, an input
power of 3W was applied to the heaters by connecting
all heating elements in parallel, and the change in RTD
resistance was measured while simultaneously measur-
ing the device junction temperature using an Infra-Red
(IR) camera.

The measured RTD resistance and the junction tem-
perature were in a steady state. A linear relationship
was established by fitting both calibration measure-
ments, resulting in a sensitivity of ~ 7 © °C~! (see
Figure 4b). For IR measurements, the TTC was sin-
tered on a bulk copper substrate, which was further
soldered onto a PCB and wire bonded. The backside
of the TTC (Silicon substrate) is metalized with TiP-
tAu (100/100/100nm) to promote adhesion to the die-
attach interface material.

Design and Fabrication of Microfluidic sub-
strate

The design of the microchannel was chosen based on
fabrication feasibility. A three-layered copper sub-
strate with top and bottom copper plates was designed
to enclose a serpentine-structured microchannel mid-
dle layer. The serpentine-channel design was realized
through a laser-cut process. While optimizing the mi-
crochannel geometry is beyond the scope of this study,
the serpentine configuration is expected to induce lo-
calized turbulence and enhance heat dissipation com-
pared to straight microchannels. The serpentine mi-
crochannels have a dimension of 0.3 mm x 0.5 mm
with a total channel length of ~ 50 mm between the
inlet and outlet. The top and the bottom copper
plates with 0.1 mm thicknesses each were attached to
the microchannel middle layer using conductive Ag-
filled epoxy adhesive. The coolant inlet and outlet
were placed diagonally along the substrate through the
top plate, with alignment markers positioned along the
counter-diagonal. All details relevant to the embedded
microchannel substrate are provided in Figure 1.

Though the design optimization was not investigated in
this study, we suggest the following improvements to be
considered in the future. Simplifying the three-layered
substrate into a two-layered substrate with half-etched
microchannels bonded using thermal compression can
be a scalable and efficient approach. Furthermore,
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Figure 5: Overview of packaging assembly processes and experimental configurations for comparative thermal
testing. (@) Step-by-step illustration of the package assembly process. (b) Visualization of different test cases
featuring reference package configuration and microfluidic package. For the reference package with a liquid-
cooled heat sink, two clamps were used to ensure uniform compression; using a single clamp may result in

uneven force distribution, leading to tilting or lift-off.

coolant delivery in real-life applications could be im-
plemented through PCBs.

Package Assembly Processes

The devices were assembled using classical back-end
packaging processes, which involve three primary steps:
Die-bonding, Wire-bonding, and Encapsulation. The
selected TTCs were bonded onto the substrate using
Ag-sinter die-attach material. Ag-paste in wet form
was stencil-printed on the microfluidic substrate. The
TTCs were placed over the wet paste using a force-
controlled die-bonder and sintered pressureless under
Nitrogen ambient at 250 °C. Ag-sintering material was
chosen because of low processing temperatures and a
high melting point after sintering. The die-bonding
process is identical for reference samples with a bulk
copper substrate. Upon sintering, the complete stack
is soldered onto a printed circuit board (PCB) and sub-
sequently wire-bonded onto the bond pads of the PCB
using 99.99% pure Au-wire bonds. For microfluidic
packages, inlet and outlet ferrules were securely placed
using an adhesive. Finally, the assembled devices can
be optionally encapsulated using a dam and fill encap-
sulant.

In this study, the devices were not encapsulated since
the glass transition temperature of the encapsulant is
less than the desired testing temperatures. An illustra-
tion of the package assembly processes is provided in
Figure ba. In Figure 5b, the two package configurations
with different test cases are provided for experimental
evaluation. In case of reference packages mounted onto
a liquid-cooled heat sink, a silicone-free heat sink com-
pound from Techspray was used as Thermal Interface
Material (TIM), which has a conductivity of ~ 0.92
W/mK with functional temperature range of —40 °C
to +200 °C. For heat sink cooling, the channel radius
is 2 mm, and the estimated channel length is 10 cm.

Experimental Setup for Performance Evalua-
tion

To evaluate the package performance, a dedicated
experimental setup was developed, as illustrated
schematically in Figure 6. Devices soldered to the PCB
were securely mounted in a test socket, enabling elec-
trical connections between the TTC and the measure-
ment equipment via a multiplexer. The input currents
for the heaters were sourced using a parallelly con-
nected Source Measurement Unit (SMU) with compli-



ance of 40V up to 2A continuous current. The change
in RTD resistance was measured using a Digital Mul-
tiMeter (DMM), which has a resolution of 1 uV for
measurements up to 10V and an accuracy of £ 0.1 mV.
The SMU, DMM, and Multiplexer were synchronized
through a Trigger Synchronization and Communica-
tion (TSP) protocol, and the measurement sequence
was programmed using a user-defined MATLAB pro-
gram. An open-loop microfluidic system was imple-
mented to evaluate the cooling performance. A pres-
sure dispenser with a maximum pressure of 675 kPa
was connected to a 10 ml syringe carrying deminer-
alized water as the coolant. Inlet coolant temperature
was recorded, and the coolant was subsequently passed
through a 300 ul degasser to remove air bubbles from
the coolant, preventing blockage and localized explo-
sions. The pressure difference before and after enter-
ing the microfluidic package was recorded using two
pressure sensors. The coolant outlet was collected in
a reservoir, and the outlet temperature was measured
with a thermocouple at one-millisecond intervals.
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Figure 6: Schematic electrical and microfluidic circuit
illustration.
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