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Micro-/Nanohierarchical Surfaces for Enhanced Pool

Boiling in Large-Area Silicon Multichips

Youngseob Lee, Kiwan Kim, Yunseo Kim, Daeyoung Kong, Jeonghwan Park,
Daehyuk Son, Sungchan Kang, Seogwoo Hong, and Hyoungsoon Lee*

With the rising demand for data centers, the need for an efficient thermal
management approach becomes increasingly critical. This study examines the
enhancement in pool boiling heat transfer on a customized multichip module,
designed to mimic artificial intelligence chip layouts for high-performance
computing. Experiments are conducted on smooth surfaces and hierarchical
structures integrating micropillars and porous copper, specifically copper inverse
opal (CulO) and copper nanowire (NW). The results demonstrate significant
enhancements in critical heat flux (CHF) and heat transfer coefficient (HTC)
through these hierarchical structures. Notably, the NW-CulO-integrated hier-
archical structure exhibits the highest CHF (234 W cm?), achieving a 166%
enhancement over smooth silicon. The HTC enhancement is more pronounced
for the CulO-integrated hierarchical structure; this structure achieves an HTC of
70.3 kW m 2K, which represents a 166% improvement. The heater layout,
engineered surfaces, and their synergistic effects are analyzed through visuali-
zation. The observed boiling inversion phenomena further underscore the
importance of sequential activation of nucleation sites in improving boiling
performance. This study provides valuable insights into the mechanisms gov-
erning the enhancement of boiling heat transfer and offers practical guidance
for developing efficient thermal management solutions for data centers.

energy consumption in data centers,
beyond earlier predictions.**  This
increased energy demand necessitates
careful management of the extreme heat
dissipation during practical operation.”-®
In data centers, cooling accounts for
38% of the overall energy consumption,
representing the second-largest energy
consumption component after computing
equipment, which uses ~50% of the total
power.”# Despite this, most data centers
continue to rely on air-based cooling sys-
tems, which are insufficient to meet the
growing cooling demands of advanced Al
superchips.®! This inefficiency arises from
the high thermal resistance between the
chips and the ambient environment due
to the relatively low convective heat transfer
coefficient (HTC) associated with air cool-
ing.'% Furthermore, with the increasing
demand for high-performance computing,
chip manufacturing has reached a funda-
mental limit in scaling down transistor

1. Introduction

The growing attention to machine learning, artificial intelligence
(AI), cryptocurrencies, blockchain, cloud computing, and other
data-intensive technologies is driving an unprecedented rise in
demand for hyperscale data centers."” The global number of
active hyperscale facilities has expanded significantly, and this
growth is projected to continue over the next decade. The recent
advent of generative AI models is expected to further accelerate

sizes. Consequently, processor power, ther-

mal design power, and die sizes are

expected to increase, leading to higher

power densities in data centers.!' Since cooling already accounts

for a significant portion of data center energy consumption, these

trends emphasize the need for more efficient cooling solutions.

Thus, the development of innovative and energy-efficient cooling

technologies is essential for maintaining the economic viability
and reliability of data centers.

Liquid cooling offers significantly better performance than air

cooling due to the superior thermophysical properties of com-

monly used refrigerants. In particular, phase-change cooling,
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which utilizes latent heat, greatly reduces the thermal resistance
between the chip and the ambient environment. This enables
data centers to operate without relying on air-conditioning, the
least energy-efficient component in the entire cooling system,
thereby greatly enhancing the power usage effectiveness.['>
Several phase-change heat transfer methods for cooling have
been studied, such as microchannels,™ jet impingement,!'®
and spray cooling.””! While these methods are thermally effec-
tive, they require additional pumping power, which contradicts
the requirement for minimizing power consumption. In con-
trast, some passive cooling systems, such as heat pipes'® and
thermosyphons,"”! are more energy-efficient in regard to input;
however, their conventional heat transfer performance is inade-
quate for cooling high-performance data centers. Therefore, pool
boiling has been highlighted as an alternative thermal manage-
ment strategy.

Researchers have extensively investigated pool boiling heat
transfer across various morphologies, emphasizing the relation-
ship between bubble dynamics, thermal performance, and
surface features.?>?! For example, macro-, micro-, and nano-
structural surface fabrications contribute significantly to the
enhancement of critical heat flux (CHF) and HTC.*? To enhance
CHEF, surface modifications are essential for ensuring a continu-
ous supply of liquid, preventing dry-out from progressing to irre-
versible levels.”? The most widely employed method in this
regard is increasing hydrophilicity.*¥ Hydrophilic surfaces facil-
itate horizontal liquid replenishment, which can mitigate the
obstruction of liquid supply by vigorous bubble ebullition.!*”!
This effect is maximized on microstructured and hierarchically
structured superhydrophilic surfaces, resulting in correspond-
ingly higher CHF.**"®! Alternatively, it also improves CHF by
maintaining a liquid supply path, thereby minimizing the disrup-
tion in liquid transport during the bubble detachment process.
This method is implemented in various manners, including
nonheating area control® and adjustment of heterogeneous
wettability®®>?! and, beyond these surface modifications,
approaches such as a simple vapor shroud?® or a permeable
vapor wall.?***! Additionally, some researchers have analytically
demonstrated how cavities trap gas and facilitate nucleation.***”!
Since the entrapped gas promotes phase-change heat transfer by
acting as a trigger for nucleation,?” the ability to trap gas directly
influences HTC. Further studies have reported substantial HTC
enhancement based on this effect.*®?? Moreover, re-entrant
structures with tapered necks can be employed to capture gas
more effectively.[*” In addition to these surface modifications,
HTC enhancements can be achieved using approaches similar
to certain methods for improving CHF, such as incorporating
surfactants or applying electric fields to facilitate bubble detach-
ment."*?l As mentioned earlier, numerous experiments have
been conducted to study the thermal performance of pool boiling
heat transfer.

Most previous studies have primarily focused on small heater
sizes, typically less than 1 cm?, with a single heat source; how-
ever, this does not accurately reflect the chip designs used in
modern data centers. Al chips now feature significantly larger
dies, reaching up to ~800 mm? limited by reticle con-
straints."**3) With the advent of wafer-scale Al chips, these sizes
are expected to increase further, which would complicate thermal
management as cooling performance deteriorates with
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increasing size.'**! Additionally, these chips incorporate multiple
distinct heat sources because of the heterogeneous integration
necessary for enhancing performance, power efficiency, and flex-
ibility in design and functionality.**! This can lead to significant
deviations in thermal performance from previously reported
findings when such chips are utilized in data centers since boil-
ing performance and bubble dynamics substantially change with
the heater configuration and area.'***”) Hence, further
research is needed to optimize practical considerations, such
as heat source layout and scale.

In this study, we performed pool boiling experiments with a
custom multichip module, designed to mimic modern AI multi-
chips packaged with heterogeneous integration. The module has
a size of 20 mm x 20 mm and consists of sixteen 3 mm x 3 mm
individual heat sources. The resulting heating area is sufficiently
large so that the heater size does not affect performance signifi-
cantly.* The pool boiling experiments were performed on
smooth surfaces and hierarchical structures, which integrated
micropillars on porous copper structures, namely copper inverse
opal (Cul0)!*®*! and copper nanowire (NW).*® We analyzed the
composite effects within the hierarchical structures to elucidate
the mechanism of CHF and HTC enhancement. Furthermore,
in terms of the practical aspects, we visually demonstrated the
thermal performance improvements resulting from the synergis-
tic interactions between the multiple heat sources and the hier-
archical structures. These insights not only enrich the
understanding of enhanced boiling heat transfer mechanisms
but also underscore the feasibility and applicability of the pro-
posed thermal management solution.

2. Results and Discussion

We designed and fabricated a multichip module to replicate the
thermal load of a modern AI chip (Figure S1, Supporting
Information)."**! An 8-inch silicon wafer (x~725um thick)
was cut into 30 mm x 30 mm pieces via die singulation. Then,
16 platinum serpentine thin film heaters, each measuring
3 mm X 3 mm, were fabricated within a 20 mm x 20 mm area on
one side of the wafer (Figure S1b, Supporting Information). On
the opposite side, we fabricated both smooth surfaces and micro-
pillars with electrodes for subsequent electrodeposition of porous
copper structures. The micropillars were created on the silicon
wafers through a deep reactive ion etching (DRIE) process. The
samples were then cleaved using a wafer-sawing machine and
epoxy-bonded to a printed circuit board (PCB) to form the test sec-
tion (Figure Sla, Supporting Information). Then, we fabricated
CulO and NW-CulO on the surfaces through electrodeposition
and solution immersion, respectively.*>>”! By following a consis-
tent fabrication process, we obtained CulO with regular pore
diameters (d, = 1.4 pm) and neck sizes (d,= 0.4 um), as deter-
mined based on the particle diameter and sintering time of poly-
styrene (PS), respectively. Further details on these processes are
provided in Figure S2 (Supporting Information). Figure 1 shows
scanning electron microscopy (SEM) images of CulO, NW, and
their hierarchical structures integrated into micropillars.
Figure 1a,b shows the top and side views of CulO and NW-
CulO, respectively. These porous copper materials were integrated
into micropillars with uniform morphology (Figure 1c), forming
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Figure 1. SEM images of CulO, NW, and their hierarchical structures. a) Top view of CulO (inset: side view). b) Top view of NW-CulO (inset: side view).
c) Pristine micropillar (P). d,e) Cross-sectional views of CulO-coated hierarchical structures (P-MH). f-h) Close-up images of NW-CulO-coated hierar-

chical structure (P-NH).

hierarchical structures (Figure 1d-h). Table 1 provides the geomet-
rical information of the fabricated surfaces.

Figure 2a presents the experimentally obtained boiling curves
for the smooth surfaces and hierarchical structures. The fabrica-
tion of CulO and NW significantly increased the surface area,
improved wettability, and raised the number of nucleation sites,

Table 1. Geometrical information and structural features of the samples.

Substrate Sample Geometrical Structural features
information
Smooth surfaces S - Smooth silicon
S-M CulO
S-N NW-CulO
Micropillars and P Height: 100 pm Au
hierarchical structures P-MH Width: 50 pm culo
Spacing: 100 pm
P-NH NW-CulO
P2 Height: 100 pm Au
P-MH2 Width: 25 pm culo
Spacing: 50 pm
P-NH2 NW-CulO
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thereby enhancing boiling performance. Specifically, the CHF
reached 115 W c¢m ™2 on the CulO smooth surface (S-M) and
141 W cm ™2 on the NW-CulO smooth surface (S-N), represent-
ing 31 and 60% enhancements, respectively, relative to the
CHF of 88 W cm ™ on the pristine smooth surface (S). The
CHF enhancement was particularly significant in the hierarchi-
cal structures combining porous copper with micropillars. The
P-NH structure achieved the highest CHF (234W cm™?), a
166% increase over S. Similarly, P-NH2, with fins that were
50% narrower and spaced closer together, exhibited a CHF of
218 W cm™2. The high CHF of S-N, P-NH, and P-NH2 can be
attributed to not only the increased heat transfer area but also
the enhanced surface wettability, which facilitate rapid rewetting
and delay the occurrence of irreversible dry-out under high-heat
flux conditions.®") When the NW was fabricated on the CulO to
produce NW-CulO, the hydrophilic surface, having a contact
angle of 40°, became structurally more wettable, transforming
into a superhydrophilic surface with a contact angle of ~1°.
Figure 2b compares the CHFs of our micropillars and
hierarchical structures with those from force-balanced CHF
models,***” accounting for the modifications to the surface
characteristics by the micro-nano surface structures. The trends
in surface roughness and contact angle, such as the progressive
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Figure 2. Pool boiling experiment results. a) Heat flux—superheat plot on smooth surfaces of pristine silicon (S), CulO (S-M), and NW-CulO (S-N);
micropillars (P, P2); and hierarchical structures with micropillars of CulO (P-MH, P-MH2) and NW-CulO (P-NH, P-NH2). b) Comparison of CHFs for
micropillars and hierarchical structures with force-balanced CHF models. §, r, and 0, are the apparent receding contact angles, roughness factors, and

intrinsic receding contact angles, respectively.

enhancement of CHF with additional surface fabrication, were
analytically validated. Further details regarding the contact angle
and surface roughness are provided in Figure S3 and Table S1
(Supporting Information). P, P-MH, and P-NH fitted the model
well, demonstrating the positive impact of improved surface
roughness. However, P-MH2 and P-NH2 did not show corre-
sponding CHF improvement with increasing roughness, deviat-
ing from the model. Although P2 achieved a higher CHF than
P because of its higher roughness, its high aspect ratio resulted
in poor electrodeposition conditions during the subsequent
fabrication of Cul0.F? Consequently, P-MH2 and P-NH2 exhib-
ited relatively poor thermal performance in terms of both CHF
and HTC, compared with P-MH and P-NH. The surface SEM
images of P2 and P-MH2 are shown in Figure S4 (Supporting
Information). The surfaces coated with CulO exhibited high
HTCs (Figure S5, Supporting Information). P-MH achieved
the highest HTC (70.3kW m 2K '), showing a 166% improve-
ment over S. Similarly, the HTC of P-MH2 was
65.7kW m *K !, which is higher than that of P-NH2. The
CulO-coated structures exhibited higher HTCs than their
NW-CulO-coated counterparts®?! because the microporous sur-
face of CulO facilitates gas-trapping.***> Unlike NW-CulO,
where most of the cavities are flooded, the circular CulO layers
act as re-entrant cavities and can easily trap gas due to their
relatively large contact angle.[**>¢=#!

Figure 3 displays high-speed images capturing the dynamics
of the bubbles as they depart from the hierarchical surfaces of
P-MH and P-NH. Figure 3a,c shows sequential bubble images
at low heat fluxes of ~60 W cm ™% These images indicate that
unheated areas can prevent bubble coalescence and continuously
provide a liquid supply path. However, the bubble departure
behaviors depend highly on the surface conditions when the heat
flux is increased. Figure 3b,e shows that the preservation of the
liquid supply path is predominantly governed by the departure
sizes of the coalescent bubbles. As the high heat flux is applied,
the coalescent bubbles grow larger, thereby blocking the liquid
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supply path, as demonstrated in the Supporting Videos. Once
the coalescent bubbles detach, a horizontal liquid supply path
can be secured. Note that the departure time of the coalescent
bubbles for P-NH (32ms) is ~38% shorter than that for
P-MH (52 ms) at a high heat flux. This difference indicates that
a smaller bubble size and higher departure frequency in P-NH
are more conducive to maintaining the liquid supply path at a
high heat flux and delaying the CHF. Consequently, P-MH forms
larger coalescent bubbles than P-NH, as evident when comparing
Figure 3b,d,e. Likewise, the rapid departure of bubbles from the
superhydrophilic surface is a natural consequence of its wettabil-
ity."” However, even though the coalescent bubbles are ade-
quately large to have a strong buoyancy force,*“! a significant
difference in bubble departure time is observed between P-MH
and P-NH. This implies that the coalescence dynamics of these
large bubbles at high heat fluxes are influenced by factors beyond
merely buoyancy and surface wettability. The mechanism behind
the dynamics noted in these experiments is difficult to explain
fully from observations of only a single or a few coalescent
bubbles.

Figure 4a,b shows the bubble coalescence dynamics at high
heat fluxes in P-MH and P-NH (same as in Figure 3b,e), respec-
tively, captured over the same time sequence. These images visu-
alize the individual effects of the multiple heaters and fabricated
surfaces, along with their synergistic effects on the bubble
dynamics. Initially, bubble coalescence occurs only on the scale
of a single heater, whereafter the bubbles begin to merge laterally
with necking. These coalescent bubbles then spread across the
surface, blocking the liquid supply path with a high surface ten-
sion force due to the elongated three-phase contact line. At this
critical moment, since P-NH is superhydrophilic, the robust lig-
uid inertia force maintains wetting between the heaters and
ensures a continuous liquid supply path (second frame in
Figure 4b).*>%% Thus, unlike in P-MH, this liquid supply path
prevents the expansion of the three-phase contact line, thereby
reducing the surface tension force and promoting bubble
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Figure 3. High-speed images captured during pool boiling experiments under different surface conditions, heat fluxes, and sequences. a) Low heat flux in
P-MH, b) high heat flux in P-MH, c) low heat flux in P-NH, d) moderate heat flux in P-NH, and e) high heat flux in P-NH.
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Figure 4. Visualization of bubble coalescence dynamics at high heat flux. High heat fluxes in a) P-MH (88% of CHF) and b) P-NH (86% of CHF).

Small Struct. 2025, 2400512

2400512 (5 of 9)

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

95U9017 SUOLUIWIOD SAIIE8.D) 9|qed![dde aLyy Aq pausenob ae so e YO 9SN JO Sa|nJ 10} A%eug1Taul|uO AS]1M UO (SUONIPUOD-PUE-SWLB) W0 AS| 1M A1 1pu [UO//:SdNY) SUONIPUOD pue SWs 1 ay) 89S *[5202Z/c0/0€] Uo AkeidiTaulluo A8]iM ‘noss *AisieAiun Buy-Bunyd Aq 215004202 115S/200T OT/I0p/W0 A8 | 1M Alelq 1 pul [uoy/:sdny woly papeojumoq ‘0 ‘Z90r8892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

departure.””! Consequently, P-NH exhibits much faster bubble
coalescence and departure cycles than P-MH.

During pool boiling, a boiling inversion phenomenon is often
observed, characterized by the superheat remaining constant or
decreasing slightly even in the high heat flux regime. Upon the
occurrence of boiling inversion, the HTC improves sharply.
Bergles et al.*! showed that boiling inversion occurs in porous
layers, and various hypotheses have been proposed to explain this
mechanism.***”) Among these, the most convincing explana-
tion is that more nucleation sites are activated at a higher super-
heat.*® Hsu’s analytical model indicates that with increasing
temperature, the minimum diameter of nucleation sites
decreases, and more nucleation sites are activated, which has also
been confirmed experimentally.®® This model provides a
detailed analytical description of the aforementioned phenome-
non, based on which the minimum diameter of the activated
nucleation sites is modeled as follows:

b =5 sin@ 1- 11 86(1 + cos O) Ty )
1+ cos@ PehrgAT
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0, pg, and hg, denote the saturated temperature, liquid-vapor sur-
face tension, vapor density, and latent heat of water, respectively.
Here, 0 does not represent only the wettability contact angle;
rather, it is the sum of the cavity mouth angle and the wettability
contact angle.!®”) Due to the difficulty of observing the cavity
mouth angle during nucleation, the Hsu model typically assumes
this angle to have a specific value, which has been commonly
used in subsequent studies.®? Since the CulO structures in this
study were well-designed with uniform, spherical-shaped cavi-
ties, the cavity mouth angle was nearly zero in our experi-
ments.”" Given that the bubble departure diameter is
significantly larger than the pore diameter, we can consider
6 to be simply the wettability contact angle.””) Here, we explain
the boiling inversion phenomenon as an increase in the number
of activated nucleation sites based on the Hsu model.

Figure 5a shows the HTCs of the micropillars and hierarchi-
cal structures as a function of the superheat. The enhancements
in HTC occurred at about 27.5 and 33.5 K for the microhierarch-
ical and nanohierarchical structures, respectively. The lack of
HTC enhancement in the micropillars suggests that boiling
inversion is caused by sequential activation of nucleation sites.
Figure 5b shows that the inversion temperatures of the

O

~
-
o
o

Micro-hierarchical structure
(P-MH)

-
o

0 ~40°

-

33.5K,~30 nm
Inversion by Nanowires

Nano-hierarchical structure
(P-NH) i | i
0 10 20 30 40 50
Superheat [K]

High superheat High superheat
at at

Figure 5. Schematic representation of boiling inversion phenomenon. a) HTC—superheat plots. b) Plot of minimum diameter of activated nucleation
site—superheat based on Hsu model considering contact angle of hierarchical structure. c) Schematic illustrating activation of nucleation site by hierar-

chical structures.
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hierarchical structures are consistent with the Hsu model. For
the microhierarchical structure with a contact angle of 40°, the
superheat leading to boiling inversion was about 27.5K, at
which point the minimum diameter for nucleation site activa-
tion was about 1.5 pm. This value is comparable to the d, of
CulO (~1.4 pm), which analytically indicates that microscale
nucleation sites are secondarily activated by CulO. Likewise,
in the nanohierarchical structure with a contact angle of 1°, boil-
ing inversion occurred at a superheat of ~33.5 K, at which point
the nanoscale nucleation sites became activated. All these trends
were observed in P-MH2 and P-NH2, as well as in P-MH and
P-NH. This indicates that secondary activation of microscale and
nanoscale nucleation sites occurs reliably, regardless of the elec-
trodeposition conditions. Figure 5¢ schematically describes the
nucleation site activation based on the Hsu model. As the super-
heat increases, the number of activated nucleation sites inside
the porous layer increases as well. This leads to more nucleation
and HTC enhancement. Since the structural features of the
nanohierarchical structure’s cavities are difficult to examine,
the inversion temperature is also difficult to characterize accu-
rately, as mentioned earlier. Therefore, some studies have
reported boiling inversion at relatively low temperatures,®>”")
while others, including this study, have recorded this phenom-
enon at higher temperatures.l?”-?#%8 Although more research is
required to understand the mechanisms behind the inversion
phenomena at high and low temperatures, they yield similar out-
comes in that both microscale and nanoscale nucleation sites
become activated.

The heating area is one of the parameters affecting pool
boiling thermal performance.'* Its impact becomes pronounced
when it is reduced to below 20 x 20 mm, with particularly strong
effects observed at around 10 x 10 mm.">”* Furthermore, the
thermal management approach for an AI chip package with a
heterogeneous integration solution differs from that for a conven-
tional chip configuration. Most heat sources are partitioned during
the packaging process. Therefore, considering that a 10 x 10 mm
die consisting of a single heater is rarely employed in actual
applications, utilizing a 20 x 20 mm area for experiments repre-
sents a more practical and cost-effective approach. Figure 6
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Figure 6. CHF and HTC versus surface area for P-NH and P-MH bench-
marked against other studies.
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shows comparison plots of CHF and HTC as functions of the heat-
ing area during pool boiling experiments in saturated water with
the hierarchical structures fabricated in this study (P-MH,
P-NH).”*7% The corresponding benchmark data are provided
in Table S2 (Supporting Information). Among these benchmark
studies, most silicon-based experiments with high CHFs were per-
formed on a 10 x 10 mm area,”®**%! and a decrease in CHF was
observed as the area increased within the same experiment.**4¢!
As seen in Figure 6, the benchmarks with higher HTCs appear
shifted to the left (squares and hexagons), whereas those with rel-
atively low HTCs appear on the right (circles and triangles). As the
heater size increases, CHF and HTC decrease due to the longer
liquid supply path; however, structured surfaces can mitigate this
problem due to their improved wettability.*°!

3. Conclusion

In this study, we comprehensively analyzed pool boiling heat
transfer using custom multichip modules on 20 x 20 mm
surfaces with hierarchical structures. The integration of micro-
pillars with CulO and NW significantly enhanced both CHF
and HTC. The highest CHF, reaching 234 W cm™? in the nano-
hierarchical structure, was attributed to a delayed dry-out facili-
tated by enhanced wettability. Furthermore, we visually
confirmed that the distinct heater configuration of the multichip
is conducive to liquid replenishment, demonstrating a synergis-
tic effect on the superhydrophilic surface. The best HTC, which
reached 70.3 kW m ™2 K" in the microhierarchical structure, was
ascribed to the porous structure’s ability to trap gas. A secondary
HTC enhancement was also observed in both hierarchical struc-
tures, which was consistent with boiling inversion trends related
to uniformly engineered porous structures. These findings not
only enrich the fundamental understanding of boiling heat trans-
fer over a large-area silicon but also demonstrate the feasibility
and effectiveness of hierarchical structures for thermal manage-
ment in high-performance electronic systems and data centers.
Overall, the insights obtained regarding the relationship between
surface features, heating layout, and thermal performance pro-
vide a valuable framework for developing next-generation cooling
technologies.

4. Experimental Section

Fabrication of Multichip Module and Test Section: We performed pool
boiling experiments on 20 mm x 20 mm areas of smooth surfaces and
micropillars integrated with porous copper (CulO and NW). To create
the smooth surfaces, a 20-nm/500-nm-thick Ti/Pt layer was deposited
on the silicon wafer using the sputtering technique. Regarding the micro-
pillars, the DRIE process was first employed to fabricate square micropil-
lars, which included a silicon dry process (Bosch process) to fabricate
geometries with a high aspect ratio. Second, 20 nm Ti and 500 nm Au thin
films were sputtered onto the micropillars. The Ti layers on each surface
functioned as an adhesive layer, and both the Pt and Au thin films served
as electrodes for the subsequent porous copper electrodeposition pro-
cess. On the wafer’'s bottom surface within a 20 mm x 20 mm area, 16
individual platinum serpentine thin film heaters were designed. The fabri-
cated wafers were bonded to a PCB to form the custom test section. The
detailed heater layout is presented in Figure ST (Supporting Information).

Surface Fabrication Processes for CulO and NW: The fabrication pro-
cesses for CulO and NW are illustrated in Figure S2 (Supporting
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Information).l*>>% First, a 5.0% weight/volume PS particle/water suspen-
sion was dispensed using the drop-casting method. At this point, the
micropillars were exposed to an oxygen plasma for 20's to enable the
PS particles in the dispensed suspension to sediment uniformly. PS par-
ticles with a diameter of 1.4 um (d, = 1.4 um) were used in this process.
The micropillars were then heated to 60 °C to evaporate water and sedi-
ment the PS particles in the suspension. Subsequently, the micropillars
were sintered in an oven at 98 °C for 30 min to create a neck of about
0.4 pm between the contact surfaces of the PS spheres. Next, pulse elec-
trodeposition was performed at 2.5mA cm™% involving alternating
one-second-on and one-second-off cycles for 80 min using a potentiostat
(BioLogic SP-300). For this process, a 0.4 M CuSO4+ 0.015M H,SO,
aqueous solution, a copper substrate, an Au electrode on the wafer,
and an Ag/AgCl reference were used as the electrolyte, anode, cathode,
and reference electrode, respectively. After electrodeposition, the wafer
was immersed in tetrahydrofuran for 24 h to dissolve the PS template,
yielding about 5 pm-thick CulO-coated microhierarchical structure. The
NW was fabricated using a method involving immersion in an aqueous
solution. By immersing CulO in a 0.25 M NaOH + 0.025 M K,S,0g aque-
ous solution at 60 °C for 10 min, the copper was coated with NW to form
NW-CulO structures. The chemical reaction is as follows:

Cu + 2NaOH + K,S5,05 — N2,5O, + K,SO, + CuO + H,0 @)

Pool Boiling Setup and Data Acquisition System: Figure S1c (Supporting
Information) schematically illustrates the experimental setup used for the
pool boiling tests. The chamber was made of polycarbonate (thermal
conductivity =0.2W m~'K™") to minimize heat loss during the experi-
ment. An immersion cartridge heater was installed at the bottom of
the chamber to regulate the temperature of the working fluid (deionized
water) and to degas the fluid prior to the experiment. The temperature of
the bulk liquid was monitored through a K-type thermocouple (£1.0°C)
placed inside the chamber to ensure saturation conditions throughout the
experiment. A coil condenser, connected to a loop chiller (JeioTech Co.,
HH20), was placed at the top of the chamber to condense any vaporized
fluid and maintain steady-state conditions. The test section, comprising a
wafer bonded to a PCB substrate, was fixed to the chamber’s center floor.
The 16 individual heaters were connected to corresponding pads on the
PCB, with power being supplied via an EX300-12 power source to generate
Joule heating. A high-speed camera (Photron FASTCAM Mini UX100) was
positioned in front of the chamber to capture the real-time bubble dynam-
ics during the experiment. Images were recorded at 4000 frames per sec-
ond, and the sequences displayed in Figure 3 and 4 are provided in the
Supporting Videos (Supporting Information). The total heat input was
measured using a voltage divider circuit composed of two resistors
(39 k€ and 1kQ) and a 0.1 Q + 1% shunt resistor. After steady-state con-
ditions were reached, the current and voltage data for the platinum thin
film heaters were collected using an NI Compact data acquisition (DAQ)
system (NI 9220) controlled through the LabVIEW software program. The
surface temperature was determined by measuring the resistance changes
in each of the 16 heaters. The information regarding a resistance temper-
ature detector calibration for each heater is provided in Figure S6
(Supporting Information). Since the DAQ system measured the tempera-
ture at the junction between the PCB and the wafer (i.e., the bottom tem-
perature of the wafer), the surface temperature was calculated via 1-D
conduction modeling in MATLAB R2023b. All heat flux and temperature
data presented herein were averaged across the 16 heaters. Uncertainties
were estimated using the error backpropagation method, as detailed in
Section Il in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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