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Abstract:

Traditional electronics cooling approaches often employ fins placed directly on top of heat-
generating elements (e.g. CPUs or GPUs). While such methodologies are often sufficient to handle
general heat loads, they prove insufficient in scenarios that involve smaller hotspots generating
considerably higher thermal heat fluxes, i.e., of the order of hundreds of W/cm?. We develop a
thermal test-bench capable of generating extremely high heat fluxes from two switching
MOSFETs — emulating real-life operational scenarios. Thereafter, we show that incorporation of
optimized wick-free vapor chambers (VCs), comprising of wettability-patterned, laser-textured
evaporators and condensers, can effectively act as enhanced phase-change heat spreaders, reducing
overall heat fluxes at the heat ejection site, and therefore enabling the deployment of traditional
cooling methodologies, like forced-air circulation. The optimized VCs had consistently low
thermal resistances of 0.09 K/W even at die heat fluxes of 400 W/cm?. Interestingly, these devices
show no variation of thermal resistance with change in heat input, with the lowest measured
thermal resistance being 0.04 K/W at ~50 W/cm?. Further, numerical simulations attest to the
improved performance of these devices on incorporation of wettability patterns. An iterative
numerical algorithm coupled with a CFD solver determines the orthotropic conductivities of the
wettability-patterned heat spreaders enabling their rapid characterization and testing before
experimental development. The present methodology highlights the role and importance of wick-
free VCs, along with their advantages over traditional wick-lined VCs in air cooling of high-heat-
flux electronic components.

Keywords: Electronics thermal management, high heat flux, wick-free vapor chamber, forced-air
cooling, thermal resistance, inverse heat transfer, orthotropic conductivity
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1. Introduction

The explosive growth of artificial intelligence (AI) and machine learning applications has
intensified the demand for high-performance computing (HPC), data transfer and data storage
capabilities. As a result, data centers worldwide are expanding at an unprecedented rate,
consuming vast amounts of electric energy and generating substantial thermal loads. The energy
consumption of data centers is projected to reach 752 TWh (~2.13%) of global electricity demand
by 2030, necessitating advanced thermal management solutions to mitigate both operational costs
and environmental impact by lowering the respective carbon footprint [1,2]. While liquid cooling
(single and two-phase) is becoming more common in high-performance applications, the
widespread use of air cooling in consumer low-voltage electronics (such as household PCs,
smartphones, wearables, etc.) and enterprise-scale solutions demand further optimization for
sustainability and performance improvements [3,4]. Furthermore, the use of fluorinated
compounds in liquid-cooling technologies is often environmentally harmful and subject to rising
regulatory restrictions. This makes improving traditional air-cooling strategies an essential priority
in ensuring environmental sustainability and compliance with global energy efficiency initiatives
(UN Sustainable Development Goals — SDGs 9 and 13 [5]).

In modern power electronics, there is a trend of utilizing wide-bandgap semiconductor devices for
increased power density while miniaturizing dimensions of power equipment. Those wide-
bandgap power devices are typically switched at hundreds of kHz or MHz, and generate excessive
heat in a compacted space, which further exacerbates thermal management challenges. Herein,
device junction temperature plays a pivotal role in determining device operational reliability and
longevity. Therefore, it is crucial to maintain device junction temperature within a safe operating
range to ensure a stable and reliable operation, particularly for applications that involve multiple
thermal cycles [ 6]. Earlier research has further highlighted the restrictions imposed by single-phase
cooling at high heat fluxes (>1 kW/cm?) in power electronics systems [7]. It is, therefore, of utmost
importance that thermal bottlenecks faced by power devices be addressed via advanced thermal
spreaders and cooling technologies [ 8].

To tackle the above-mentioned challenges, various cooling strategies have been deployed,
including single-phase or phase-change cold plates, thermosyphons and vapor chambers; each
method offers its distinct advantages in terms of heat flux dissipation and thermal resistance
[9,10,11,12]. The advent of novel heat spreaders and materials further enhances cooling
capabilities. Advanced materials, such as aluminum nitride (AIN), silicon carbide (SiC), diamond,
boron nitride (BN), borophene, and boron arsenide (BAs), exhibit superior thermal conductivity
and mechanical stability, making them promising candidates for next-generation electronic cooling
solutions [13,14,15]. These materials enable efficient thermal spreading and improved heat
dissipation in compact, high-power-density devices. Despite the emergence of new approaches, air
cooling remains the dominant solution for low-voltage consumer electronics due to its cost-
effectiveness, ease of implementation, hassle-free use, and long-term reliability [16,17]. Given
that, the efficiency of air-cooled heat sinks, fin arrays, and fan-assisted convection must be
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properly enhanced, so that it can handle increased thermal loads at a competitive level when
compared to other cooling methods with the additional benefits of reduced noise and power
consumption.

The efficiency of an air-cooled heat sink, especially one experiencing high localized heat flux, can
be improved by spreading the concentrated heat over a wider area. The widely distributed heat can
then be effectively removed using a fin-fan assembly. In conventional vapor chambers, liquid
return is typically enabled by a continuous wick structure lining the internal walls. While effective,
such wick-lined designs can impose limitations in thin and lightweight electronics because the
wick occupies some of the vapor-core volume, adds parasitic conduction resistance, and can
promote liquid accumulation at the condenser, thereby constraining vapor transport and
condensation efficiency. In this study, we develop and characterize an air-cooled wick-free vapor
chamber (WFVC) on a thermal test bench using Metal-Oxide-Semiconductor Field Effect
Transistors (MOSFETSs) to replicate application-relevant electronic heating scenarios, rather than
relying only on conventional heater-based test assemblies. Unlike conventional VCs, the present
device is an integrated optimized WFVC in which internal functionality is spatially engineered:
laser-textured evaporator-side microstructures enhance capillary-driven liquid redistribution and
delay dry-out, while patterned wettability on the condenser promotes dropwise condensation and
facilitates liquid return to the evaporator side. Thus, the originality of the present work lies not in
any single modification, but in the deliberate integration of wick-free design, laser texturing, and
spatially patterned wettability within one thin VC platform tailored for forced-air cooling of high-
heat-flux electronics.

Here, we demonstrate the value of WFVCs in the field of power and consumer electronics, which
is undergoing rapid advancements in miniaturization and performance enhancement. The ability
to effectively manage heat in these systems is paramount to sustain system reliability and
efficiency. By integrating advanced materials, novel cooling strategies, and an application-relevant
testing platform, this study aims to provide insights into the future of sustainable and high-
efficiency thermal management for modern electronics.

2. Experiments and surface fabrication

While laser-textured VCs have been incorporated in earlier research [ 18], we stress the fact that
wettability engineering in such VCs holds further significance, and VC performance is
significantly improved only when Laplace pressure gradients are correctly implemented in such
designs even in ultra-thin form factors [19]. Therefore, all experimental and numerical
investigations undertaken herein compare the performance of two different VCs, one featuring
wettability patterns (interlinked hydrophobic and superhydrophilic pathways that drive the
working fluid towards a targeted hotspot [18]), and another identically-sized VC comprising of a
uniformly hydrophobic condenser and a superhydrophilic evaporator (benchmarking control [8]).



Table 1 shows the different VCs used in this study and the general test conditions. For all VCs,
superhydrophilic surfaces were created by laser texturing (to render them superhydrophilic); no
traditional wicking materials (sintered powder, wire meshes or fibers) were used in this study. In
the sections that follow, we first describe how evaporators and condensers of uniform wettability
WEFVCs were developed. Thereafter, we describe the process of patterning to create interlinked
pathways of hydrophobic and superhydrophilic wettability that enhance Laplace pressure gradients
for controlled fluid transport on both the evaporator and the condenser [13].

Table 1: VC configurations used in this study and their evaporator/condenser types.

VC type
VC configurations Experiments
Evaporator Condenser
WEFVC uniform No patterns. - unlfgrm No patterns - Teflon Tested at' Q1fferent cooling
o laser texturing; uniformly | coating on light laser air velocities and power
wettability (benchmark) . : .
superhydrophilic texturing inputs

With wettability patterns With wettability patterns

— Teflon coating on light — Teflon coating on light
laser texturing provides laser texturing provides
- hydrophobic property. hydrophobic property. Tested at highest cooling

WEFVC wettability Thereafter, laser Thereafter, laser air velocities for different
patterned . . .

patterning creates selected | patterning creates selected | power inputs

superhydrophilic superhydrophilic regions

pathways for targeted for enhanced condensate

delivery to hotspot. transport.

2.1.  VC construction and wettability-engineered components

The developed VC comprises of wickless components fabricated from high-purity 2 mm Cu-101
plates procured from McMaster-Carr. The plates were cut into 114.3 mm x 63.5 mm X 2 mm
substrates, which were further CNC milled to step-cut the sides. The CNC cutting ensures perfect
fit with Viton® fluoro-elastomer (McMaster-Carr) gasket that provides a hermetic seal for the VC
between the evaporator and the opposing condenser. Grooves on the top and bottom of the
condenser and evaporator (respectively) were made for thermocouples (T-Type Omega). A 1 mm
deep trench was milled on the evaporator plate around the MOSFET contact area (as done in
previous studies [8]) to reduce lateral conduction, thereby improving localized heat transfer
efficiency. Prior to surface modification or imparting wettability patterns, the evaporator and
condenser plates were thoroughly cleansed by ultrasonication (Cole-Parmer 8891) first in
deionized water (Corning 46-000-Cl) for 1 hour and then in 200 proof ethanol (Fisher UN-1170)
for another hour. This procedure ensured removal of any organic or inorganic contaminants that
might have been present on the surface.

The following sections describe in detail, the methodology involved in preparation of four surfaces
— uniform wettability evaporator, uniform wettability condenser, evaporator with wettability



patterns, and condenser with wettability patterns (respectively) — required to make the two
wettability engineered WFVCs described in Table 1.

2.1.1.  Evaporator design (WFVC — uniform wettability)

The cleansed substrate was subjected to laser texturing using a ~1064 nm nanosecond-pulsed fiber
laser system (maximum power output 20 W with laser spot diameter ~35 pm) to impart controlled
microstructures (Fig. 1). Earlier exploits into microstructure fabrication via nanosecond laser
ablation has shown the process to be highly reliable and capable of producing uniform repeatable
microstructures over a wide area [20]. The resulting laser-textured evaporator surfaces (average
roughness S, = 30.13 um) were superhydrophilic. Figures 1a-1d illustrate the laser texturing
procedure which maintained fixed gaps (pitch, /) in between parallel laser raster lines, the resulting
surface microstructure, typical scanning electron micrograph (SEM) of the processed surface and
its roughness profile, as obtained from vertical image stacking microscopy on a Keyence
VHX6000 microscope. The overall physiochemical homogeneity of the fabricated surface can be
verified from repeated surface profile estimations at different locations on the surface and checking
its wettability homogeneity [13]. Wettability testing (Fig. 1e) confirmed the laser-processed
surface to be uniformly superhydrophilic.
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Figure 1: Evaporator design of the VC. (a) Copper surfaces ablated with the laser featured microstructures that
allowed handling of high heat fluxes, while preventing early dry-out. (b) High-magnification optical microscopy and
(¢) scanning electron microscopy attests to the uniformity of the microstructures on the evaporator. (d) Profilometry
maps help estimate the overall surface profile and its average roughness (S,). (e) The superhydrophilic property of the
plates was confirmed by gently placing droplets on the surface; the droplets immediately spread on the surface, owing
to capillary forces.

2.1.2.  Condenser design (WFVC — uniform wettability)

For the wickless VC with no wettability patterns, the condenser was fabricated from a Cu-101
plate (akin to the evaporator). Wickless VCs with no wettability patterns feature hydrophobic
condensers — fabricated by coating Teflon on mirror-smooth Cu plates (resulting in water contact
angles (CA) of ~121° with contact angle hysteresis (CAH) of ~30° [21]) — that are prone to
delamination [22]. The condenser plate was subjected to uniform laser texturing at low powers ~6
W to arrest the delamination of Teflon from the mirror-finished Cu substrates. A complete study
on the delamination of hydrophobic coatings from surfaces or the loss in hydrophobicity with
condensation, which can affect long-term reliability of the developed device is beyond the scope
of the present study and has been addressed elsewhere [20,23]. The oxides resulting from the laser
ablation process were removed via wet chemical ultra-sonication in 0.5 M citric acid using
standard procedures [24,25]. Thereafter, a thin layer (~80 nm) of hydrophobic Teflon AF was
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deposited by spin-coating (2000 rpm for 20 s) on top of the roughened condenser, followed by
curing at 80 °C, 240 °C, and 330 °C in an inert atmosphere of 90% Argon and 10% Hydrogen (Fig.
2a) [8,13]. Such a procedure results in a uniformly hydrophobic substrate with water contact angle
of 120° & 3°, as obtained via goniometric measurements (Fig. 2b). The uniformity of the coating
or the imparted roughness (physicochemical homogeneity) underneath the hydrophobic layer was
verified by repeated contact angle measurements on at least 5 different locations on the condenser
surface [13], and the roughness was estimated to be S, ~2.67 pum. Figure 2c¢ depicts the
microstructure profile on the condenser as obtained via high magnification microscopy and surface
profilometry. The surface chemistry after coating is verified from XPS measurements (Fig. 2d).
The present condenser surfaces facilitate dropwise condensation, which, in the absence of non-
condensable gases in the vapor chamber, can result in heat transfer coefficients an order of
magnitude greater than filmwise condensation [29,30].
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Figure 2: Condenser design of the VC. (a) Textured surfaces were coated with Teflon via spin-coating — turning them
hydrophobic with a water contact angle of ~120° (b). (¢) Surface profilometry of the condenser surfaces after their
coating. (d) XPS spectra confirm the uniformity of the coating on the condenser. (e) The resulting surfaces are
uniformly hydrophobic and exhibit dropwise condensation when cooled in a hot and humid environment chamber.
The long-term durability of hydrophobic promoter coatings during condensation is an important
reliability concern. In the present work, low-power laser roughening was used before Teflon AF
deposition to improve mechanical interlocking and reduce the likelihood of coating delamination
from smooth copper. The coating uniformity was verified by repeated contact-angle measurements
at multiple locations and by XPS characterization. In addition, the completed VC is hermetically
sealed after evacuation and charging, limiting re-exposure of the internal surfaces to ambient
contaminants that can degrade superhydrophilic copper oxide surfaces. While these steps support
short-term experimental stability, a comprehensive lifetime study involving extended condensation
cycling, contamination exposure, oxidation monitoring, and post-test wettability mapping is not
within the scope of this study.



2.1.3.  Wettability-patterned components

While the uniformly superhydrophilic evaporator and the uniformly hydrophobic condenser were
used to make the benchmark VC (Table 1), further modifications were necessary to generate
wettability patterns for the second VC. Earlier exploits into implementation of wettability patterns
in VCs have demonstrated their effectiveness in cooling hotspots with cold plates [18,26]. The
present wick-free VCs featuring wettability engineered components were assembled with a
flexible gasket (Viton® fluor elastomer, McMaster-Carr) featuring inlet/outlet ports for subsequent
degassing and charging of the system (Fig. 3a — also showing the assembled VC with the
condenser/evaporator and inlet/outlet ports). Accordingly, the wettability patterns on the condenser
and the evaporator were fabricated in such a fashion that they would complement one another in
aiding the transport of the working fluid from the condenser to the hotspot, and its subsequent
evaporation (see Fig. 3b).

In the absence of a conventional porous wick, liquid redistribution in the present WFVC is enabled
by laser-textured superhydrophilic pathways laid in hydrophobic terrains and by wettability-
confined Laplace-pressure gradients. These patterned regions do not function as three-dimensional
porous wicks; rather, they act as contact-line confined two-dimensional capillary transport
pathways that guide condensate from the condenser toward regions feeding the evaporator hotspot
on the opposing side. On the condenser, growing droplets on hydrophobic regions are captured by
adjacent superhydrophilic tracks, which reduce the maximum characteristic condensate droplet
size and promote liquid drainage toward lower-pressure regions. On the evaporator side,
complementary laser-textured pathways promote liquid spreading and resupply toward the
MOSFET hotspot. The absence of dry-out up to the tested 400 W/cm? die heat flux should therefore
be interpreted as evidence of stable liquid return under the present horizontal, forced-air operating
conditions. Long-duration transient cycling, vibration, and systematic tilt-angle testing were not
performed in the present study and are left for future tests.
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Figure 3: (a) The assembled VC has a gasket for an adiabatic seal with inlet/outlet ports that allow for evacuation and
charging of the VC before experimentation. (b) Complementary wettability patterns on the evaporator and condenser
aid in working-fluid transport and subsequent re-supply to the hotspot. (¢) The condenser side has both hydrophobic
and superhydrophilic regions that restrict big drops from forming, while draining them continuously to lower Laplace
pressure regions. (c-i, c-ii) High-magnification microscope images of a wedge-shaped superhydrophilic pathway on a
hydrophobic background, a feature used on both the condenser and the evaporator. (d) The evaporator features a
herringbone design with the spine being composed of a cross-hatched laser microstructure (blue box). The ribs
connecting to the spine feature lengthwise microstructures (green box) that facilitate the easy drainage of water
towards the spine and from there, farther to the MOSFETS.

2.1.3.1. Wettability-patterned evaporator
The patterning of the evaporator started with the application of low-roughness surface texture
(using a cross-hatched laser ablation protocol at ~6 W [13]) over the entire evaporator surface and
proceeded thereafter with Teflon AF2400 coating (as described earlier in the condenser fabrication



methodology). This resulted in the evaporator plate having a uniformly hydrophobic background
with a water contact angle ~120°. The Teflon-coated plate was then subjected to further laser
ablation for selectively removing the Teflon coating and creating superhydrophilic pathways that
could channel the flow of the working fluid to the localized hotspot areas. Furthermore, the laser
microstructures in the pathways and the localized hotspot area of the evaporator were optimized
to enhance liquid transport and subsequent evaporation, respectively (Fig. 3d).

The superhydrophilic wedges laid on a hydrophobic background result in droplet transport rates
greater than traditional hemiwicking (Washburn flow), which is prevalent in wick-lined VCs
[27,18]. Furthermore, the dry-out of an evaporator at critical heat flux (CHF) of the VC is governed
by the balance in the rate of evaporation of the working fluid against the hemiwicking supply by
the evaporator [28]. Therefore, it is well understood that patterned evaporators enhance the supply
of the working fluid to the hot-spots and, in turn, delayed thermal dry-outs. Further insights into
modeling the wedge-shaped tracks and the influence of wedge angle or Laplace pressure gradients
on the transport of liquid on such pathways have been reported elsewhere [27].

2.1.3.2. Wettability-patterned condenser

The fabrication of a wettability-patterned condenser involved the same steps described above.
First, a uniform laser ablation, followed by a nanometric Teflon coating to create a hydrophobic
background; thereafter, selective ablation of certain areas to create an intermixed pattern of
hydrophobic and superhydrophilic regions (Fig. 3¢). While the evaporator pattern aids the supply
of liquid and delays CHF, the patterns on the condenser plays two important roles: (1) The
staggered interlocking superhydrophilic pathways aid removal of condensate fluid to regions of
lower Laplace pressure, enabling better and faster working fluid return to the evaporator [18]; (2)
the wettability patterns lower the droplet shedding diameter of the condenser, enabling faster
droplet departure and creating new sites for enhanced nucleation, thus improving the associated
heat transfer coefficients [29]. The wedge-shaped geometry (ubiquitous on either the evaporator
or the condenser) harnesses Laplace pressure differentials to propel liquid microvolumes forward.
The dependence of wettability differences on the droplet transport capacity of such channels has
been studied elsewhere [30].

2.2. Thermal test bench

While comparison of both VCs (Table 1) could be undertaken in standard test setups employing
generic ceramic heaters to emulate hotspots [13,18], we elected to test the present VCs in an actual
power electronics setup that uses fast switching MOSFETs to generate a thermal load. Numerous
power electronics applications, ranging from large-scale grid-tied renewable energy system
downstream to medium-scale data centers, small-scale vehicle power supply and further towards
portable electronics, often implement miniaturized heat sources that comprise of high frequency
switched elements, which generate excessive heat due to device-related switching and conduction
losses.
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Both VCs (Table 1) were tested on a thermal test bench comprising of two high resistance
MOSFETs acting as heat sources (see Fig. 4). Accordingly, a thermal test bench was developed
with MOSFETs (STW4N150 with TO-247-3 packaging) being switched at 20 kHz on an external
electrical load. The developed circuitry was a standardized double-pulse test circuit that is typical
when characterizing device dynamic performance in power electronics. The details of the circuitry
and the implemented methods for high frequency switching of the MOSFETs have been elaborated
in [8] and thus are not repeated here for brevity. Nonetheless, a brief description of the circuitry
follows. A constant DC supply (Agilent E3646A) at 20V amplified the 3.3 V square-wave control
signal from a function generator (Wavetek), and then served as gate driver voltage for MOSFETs
to control their alternating status from on and off with 50% duty cycle. The chosen MOSFETs had
5 Q on-state resistance, thereby generating a significant amount of conduction loss during the on-
state. In this way, the setup can emulate large-scale and high-power systems at low power setup,
which lowers the experimental cost but increases tests safety. Besides that, the switching behavior
of the MOSFETs is an accurate representation of heat generation and hotspot formation akin to
real-world power electronics application.

The MOSFET-based test bench is intended to emulate localized, high-heat-flux power-electronics
hotspots rather than the full spatial and temporal heat-generation profile of CPUs and GPUs, which
can exhibit distributed, nonuniform, and workload-dependent heat maps with rapid temporal
variations across multiple functional blocks. In contrast, the present MOSFET platform provides
a repeatable, compact, high-heat-flux source with controlled electrical input and a well-defined die
area. This setup is representative of localized power-device hotspots and is used here as a
controlled thermal emulator for evaluating VC heat-spreading performance. The electrical power
delivered to the VC and the conservative estimate of parasitic circuit losses are detailed in
Supplementary Information Section S1.

2.3. VC and forced convection heat exchanger assembly

The evaporator and condenser were sandwiched together to form a complete VC (see Fig. 3a for
experimental image). An elastomer gasket (Viton® Fluoroelastomer) in between the two
components provided a hermetic seal, while ensuring sufficient space for the vapor (vapor space
gap thickness ~ 1mm). As depicted in Fig. 4, the VC assembly was placed directly on top of the
electronics thermal emulator PCB and tightly held in place with screws on each corner. The VC
was first evacuated from the outlet port and the efficacy of the hermetic seal was tested by
maintaining the system in vacuum and checking pressure variations over ~1 day. Thereafter, the
VC was charged with a specified amount of working fluid based on the charging ratio (CR)
requirement for the tests. The charging ratio is the ratio of the working fluid present in the VC to
the ratio of the vapor-space volume corresponding to the VC dimensions (10mm x 5Smm) and the
vapor space thickness (~1mm). Both VCs (Table 1) were tested at three different CRs and at
varying levels of power input from the MOSFETs to determine their efficacy in maintaining safe
junction temperatures, while allowing maximum possible heat flux from the Si-die (6.08 mm X
4.48 mm,; calculation of Si-die area provided in the Appendix) within the MOSFET.
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Furthermore, a straight array of aluminum fins was affixed atop the assembly to dissipate heat
from the condenser section of the VC; the exact fin geometry is provided later. A wind tunnel fitted
with an electric fan (Sunonwealth Elec.) was used in conjunction with the finned VC to impose
forced convection at different heat loads applied through the MOSFETs (Fig. 4a). The Reynolds
number (Re) of the airflow can be estimated from the hydraulic diameter (D) of the duct, based
on width () and height (H):

__pUDp _ UDy
u v

Re (1)

where D), =%,A =W.H, P=2(W + H)

The calculated Re values (for D, = 0.0377 m) for 3 different air velocities viz., 2 m/s, 3 m/s and
4.5 m/s (average velocity over the duct cross-section prior to the finned heat exchanger), were
5.1x10%, 7.7x10° and 1.15x10% respectively. The three inlet air velocities were selected to
represent low, intermediate, and high forced-air cooling conditions achievable with the present
compact fan—duct assembly. The 2 m/s case provides a lower-flow baseline relevant to reduced fan
power and acoustic operation, the 3 m/s case represents an intermediate operating condition, and
the 4.5 m/s case corresponds to the maximum stable flow rate delivered by the selected fan—duct
configuration. These conditions also span a range of Reynolds numbers that ensure turbulent flow
through the finned heat exchanger, while allowing the effect of air-side convective resistance on
MOSFET temperature and VC heat-spreading performance to be evaluated.

For such Reynolds numbers, the hydrodynamic entrance length necessary for generating a fully
turbulent flow at the heat exchange fins is restricted by the highest Reynolds number
corresponding to the maximum fan velocity viz., 4.5 m/s. This hydrodynamic entrance length (L)
can be estimated from

L, = 1.359D,Re/* (2)

and was found to be 0.53 m. Accordingly, the length of the 3D-printed rectangular duct from the
cooling fan to the fins was 0.53 m (Fig. 4) in the experiments.
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Figure 4: (a) Schematic of experimental setup used to test wick-free VCs on MOSFETs emulating a switching load.
(b) Cross-sectional schematic of the assembled VC - straight channel aluminum heat sinks ensured easy heat removal
from the MOSFETSs even at very high heat fluxes. The locations of the thermocouples (TC) are marked with x.

Six strategically placed thermocouples (TCs) continuously monitored temperatures (Fig. 4b).
While two thermocouples were located directly over the MOSFETs (TC1 and TC2), 4 other
thermocouples were situated at different locations on the condenser (TC3 — TC6). Thereafter, the
average MOSFET temperature (7heaer — defined as average of TC1 and TC2 for steady heat flux
input) and the average condenser temperature (7condenser — defined as the average of TC3 — TC6 for
steady heat flux input) were evaluated. The total thermal resistance (R::w) and in-plane thermal
conductivity (kin-piane) of the VC were evaluated for different power inputs (Qin) at three different
charging ratios (CR). Here, Qi» denotes the heat input to the VC estimated from the measured
electrical input to the MOSFET heating circuit after subtracting the intentional ohmic dissipation
in the external resistor. The detailed power-input estimation procedure is provided in
Supplementary Information Section S1. Briefly, the MOSFET thermal pad was directly coupled to
the VC through the interfacial stack, while lateral and backside heat losses were suppressed using
the Teflon enclosure and the low through-thickness thermal conductivity of the FR-4 PCB. A
conservative upper-bound estimate of the neglected PCB parasitic and diode/freewheeling losses
gives a parasitic contribution below approximately 1.02 W at a representative high-power
operating point of approximately 160 W, corresponding to less than 0.64% of the estimated VC
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heat input. This is within the propagated electrical measurement uncertainty and therefore, does
not affect the reported thermal-resistance trends. These two quantities are defined as follows

RTotal — Theater_QT;Tclondenser (3)
(ﬂ) dox:
i

kin—plane = jiATi 4)

In Eq. 4, dx; refers to the distance between two consecutive thermocouples on the condenser, A4; is
the vertical cross-sectional area of the VC [18], and AT; is the temperature difference between the
respective thermocouples on the condenser. Each experiment was conducted at least three times
for the same CR. It should be noted that the thermal resistance calculated from Eq. (3) represents
the total experimental thermal resistance of the assembled test article, not the intrinsic vapor-
chamber-only resistance. Therefore, the reported resistance includes the contribution of the
thermal interface material used at the MOSFET-VC interface. For the present setup, Thermal
Grizzly Kryonaut grease was applied to reduce contact resistance, and the nominal TIM
contribution was estimated to be approximately 0.0032 K/W for a compressed bond-line thickness
of approximately 35 um. Thus, the intrinsic VC resistance is slightly lower than the reported
assembly-level resistance. Further, a Gaussian error propagation scheme was considered for
estimation of the resulting error from each trial [8]. The expression used to determine the standard
deviation of the total thermal resistance Riozi 1S

aR\? (6R)2 2 ( R )2 2 ( R )2 2
Op = — | O — ) O (o) — ) O 5
R \/(aV) v + ol I + OTheater Theater + OT Condenser T condenser ( )

considering that Riow (V, I, Theaters Teondenser), Where ¥V and I are the voltage and current supplied to
the resistive heater. Each temperature reading was time averaged over 30 s (at 62.5 Hz acquisition
rate) for three separate experiments performed under the same conditions. The values for / and V'
were averaged from each run. The standard deviation for each value was calculated as

X

Oy = \/O.ZC‘XP + O.J?instr (6)

where a;, 7is the standard deviation of the experimental measurements for the parameters described

above, and ¢/™"is the instrument error associated with each measurement. More specifically,

o™, g™ and o7™" were 0.05 V, 0.005 A and 0.25°C, respectively. The results are presented
here in terms of Ao = or, Where A 1s the mean thermal resistance calculated by the time-

averaged values, and oy, is the standard error of the mean [18].

The in-plane thermal conductivity of the WFVC is kinpiane (V, I, Theaters Teonat, Tconaz), where Teonai
and Tcona2 are two consecutive condenser temperature readings away from the center of the VC.
Thus, the corresponding standard deviation

3ki)2 2 (3ki)2 2 ( Ok; )2 2 ( 0k; )2 2 ( Ok; )2 2
Oy, — O, 0, O O O
ki \/(6V 4 + oI I + aTbeater T heater + aTcondJ T cond1 + aTcondZ T condz (7)
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The uncertainty in Q;, associated with voltage and current measurements is larger than the
conservative upper bound on parasitic electrical losses estimated in Supplementary Information
Section S1; therefore, no separate empirical heating-efficiency correction factor was introduced.
The experimentally calculated variations are reported in the next chapter.

3. Computational formulation

A numerical model was developed to model the heat transfer from the fins and the wettability
engineered VC in turbulent forced air convection during experiments. The numerical model
considered heat-flux input from the MOSFETs, thereafter this heat passes through the VC, which
is modeled as an orthotropic material with respective thermal conductivities obtained from the
experiments. However, the exact orthotropic thermal conductivities (kx. = kyy, kzz) of the VC vapor
gap can only be derived through an iterative inverse heat transfer approach. The orthotropic
conductivity assigned to the vapor gap should be interpreted as an effective heat-spreading
parameter of the sealed two-phase VC core under the tested operating condition. This value does
not represent the molecular thermal conductivity of vapor, liquid, or copper individually. Instead,
it reflects the combined effects of evaporation, condensation, vapor transport, condensate
redistribution, and internal surface wetting into a compact conduction-analogy model. This simpler
approach is useful for comparing VC configurations and for reduced-order thermal design and
does not replace a full multiphase model of internal fluid dynamics.

The placement of TCs allows for direct measurement of the experimental total thermal resistance.
However, this total thermal resistance also includes the contribution of the thermal interface
materials (TIM) used throughout the study (Thermal grizzly Kryonaut; thermal resistance 0.0032
K/W) [31]. Although a more rigorous estimation of the VC thermal resistance would require
explicit conduction modeling of heat transfer through the TIM, this is deferred for future work.
Because the TIM layer was not explicitly resolved as a separate conduction layer in the numerical
domain, the extracted vapor-gap conductivities should be interpreted as effective fitted parameters
for the assembled test configuration. They are useful for comparative evaluation of the patterned
and non-patterned WFVCs under identical mounting conditions, but should not be interpreted as
intrinsic material properties of the vapor phase alone.

3.1 Geometry, initial and boundary conditions

Figure 5a depicts the geometry considered for numerical modeling with the relevant boundary
conditions. The geometry reflects the actual experimental setup. However, for simplification of the
VC geometry (comprising of two-phase fluid medium and surface microstructures on both sides),
the gap between the evaporator and the condenser was modeled as a medium with orthotropic

thermal conductivities (in-plane conductivities k,, = k cross-plane conductivity k,,),

yy»
sandwiched in between the isotropic copper plates acting as evaporator and condenser (Fig. 5b).

This consideration bypasses the challenges of computationally intensive multiphase modeling, but
at the cost of reduced information of the mechanisms within the VC space. This modeling approach
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in conjunction with the iterative inverse heat transfer methodology provides the relevant thermal
conductivities (in-plane and cross-plane) required for the characterization of the vapor chamber.
The surrounding walls of the VC, its constituent copper plates and vapor gap, and the air duct
walls, which do not participate in heat transfer (insulated in the experiments) were modeled as
adiabatic. This ensures that heat flow from each MOSFET passes only through the VC and is
rejected into the airflow by the fins. The MOSFETs were modeled as two domains located beneath
the VC with uniform heat-flux condition. A constant air-stream velocity of 4.5 m/s (at 300 K) is
considered at the duct inlet. The outlet of the air enclosure is at 1 atm pressure.

outlet
30 mm

(110 mm * 30 mm)

aluminum slab |:| air enclosure
chamber (100 * 50 * 10 mm)

condenser )
b (100 * 50 « 2 mm) ¢ Dbortomview
Cu
isofropic
MOSFETs
ﬁgﬁﬁ rthotropic (heat-flux boundary condition)
isofropic 2y mm
Cu
( = =
evaporator 15 mm 15 mm
(100 x50 x 2mm)  heat ﬂltlx adiabatic
inpu
MOSFETs

Figure 5: (a-c) Simulation geometry of heat transfer from the MOSFETs through the VC and the finned structures.
All sidewalls of the solid VC and the intervening aluminum slab were considered adiabatic. Simulations for both
wickless VCs -with and without patterns at the maximum heat flux- were performed using an iterative optimization
scheme to derive the orthotropic thermal conductivities of the vapor chamber.
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3.2 Mathematical formulation

Steady-state solutions were sought, as the experimental results showed that the temperatures across
the VC did not exhibit temporal variations under fixed heat flux input, thus confirming steady-
state operation. The forced air stream in the rectangular duct and through the fins is incompressible.
Under these assumptions, the continuity and momentum equations in the fluid domain can be
expressed as

7 () =0 ®)

d _ ap a1
E(Puiuj) = _a_xj-l'a_xj-'_ PYi 9)
where u; represents the velocity field of the fluid (here air), p the pressure, ps the density of the
fluid, and u its dynamic viscosity. Furthermore, the Reynolds-averaged Navier-Stokes equation

[32,33,%*] in conjunction with the k-w turbulence model in the shear stress formulation (SST)
[35,36,37] was employed. The shear stress

20 2
Tij = Ut (ZSU Bauks ) —;kaU (10)
while the strain rate,
_1(ou;  Ou
Sij = (ax] + axi) (11)

The transport equation for turbulent kinetic energy is expressed as

Ao — p— rpeok + o=+ i) o] (12)
xj

while the equation for the specific dissipation rate

a(g;o) N a(;;z;,'m) P — Bpoo +—[(u+ %ut) (13)
J

The turbulent kinetic energy production is

aui

P =Tl'j§j (14)

and the eddy viscosity limiter
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paik

he = (1
The weighted model constants had the form

¢ =Fid+ (1 —-F); (16)
with

F, = tanh(arg?) (17)

0 = i (5, 2.t as>
and

F, = tanh(arg?) (19)

arg, = max (2 B*_\/uE)d' ZZ(::) (20)
The constants

o1 = 0.85, o,,; = 0.650, 3; = 0.075

ok = 1.00, o,,, = 0.856, 3, = 0.0828 (21)

B* = 0.09, a, = 0.31

The heat transfer in the fluid can be estimated by the variation in temperature using the following
energy equation in the fluid domain
a2T

9w — X _
6xi(u17j pfcnfaxiaxi__ 0 (22)

where x; is the thermal conductivity of the fluid, and ¢, ¢ is its specific heat capacity. The energy

equation reduces to a diffusion equation in the solid domain (aluminum slab, copper plates, fins)
] aT
(ki) = 0 (23)
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where pg, ¢, s and kg ;; represent the density, specific heat capacity, and thermal conductivity of the
solid in the principal direction, respectively. Furthermore, the energy equations at the solid-liquid
and solid-solid interface must consider the heat flux continuity at the solid-fluid interface, which
ensures conservation of energy at the interface

(1) aT(l) . (2) aT(Z)
K Ty, T MKy o (242)
TW =T7® (24b)

@)
ij
components of the thermal conductivity tensor for materials 1 and 2, respectively, and T, T®

where n; is the i component of the unit normal vector to the interface, k;;”and Kl-(jz) denote the

are the temperatures in the respective domains. For orthotropic materials, k;; is a diagonal tensor,

and the terms k;; represent the thermal conductivities along the principal material directions.

The partial differential equations were discretized using a second-order accurate finite volume
method implemented via ANSY'S Fluent. For pressure—velocity coupling in the steady state RANS
framework, the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm [38,39]
was utilized — a two-step process that comprises a prediction step followed by a correction step.
The computational domain was discretized using an unstructured polyhedral/tetrahedral finite-
volume mesh with local refinement in regions of high thermal and hydrodynamic gradients,
including the MOSFET heat-input regions, VC-solid interfaces, fin bases, fin sidewalls, and the
near-wall region of the air channel. Inflation layers were used along the fin and duct walls to better
resolve the forced-convection boundary layer. A mesh-independence study was performed using
three successively refined meshes: coarse, medium, and fine, as enumerated in Table 2. The
predicted average MOSFET temperature changed by < 1% between the medium and fine meshes,
hence the medium mesh was selected for the computational domain [40,41].”

Table 2: Mesh-independence assessment for the CFD model.

Mesh | Number of Average MOSFET | Percentage
level | cells/elements | temperature (K) change
Coarse |3 x 10° 331.8 -
Medium | 5 x 10° 372.4 12.2
Fine 6 x 10° 369.3 0.84

33 Inverse heat transfer approach

The inverse heat transfer methodology [42,43] allowed for the estimation of the in-plane and cross-
plane thermal conductivities of the simulated orthotropic vapor chamber. To achieve this, a two-
stage, gradient-free optimization was used, wherein the in-plane (kw = ky) and cross-plane (k)
conductivity components were iteratively adjusted to match the predicted surface-averaged
temperatures with experimental values at the MOSFET and condenser locations. Thereafter, the
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inverse problem was cast in terms of an objective function that minimized the absolute deviation
between simulated and target temperatures. A proportional feedback-based update scheme was
employed, in which conductivity parameters were adjusted based on the ratio of predicted to target
temperatures. This derivative-free, heuristic approach was stabilized by constraining the update
factor within a bound range to ensure robust convergence. The entire process was automated using
Python scripting, which generated journal files, executed simulations in ANSYS Fluent, and
extracted temperatures. Material property updates and temperature data were handled through the
journal file [44]. This framework enabled reliable estimation of orthotropic thermal conductivities
from experimentally measured temperature values. The flow chart in Fig. 6 depicts the entire
algorithmic process.

Geometry/Setup Python optimization Simulations
e ~
Initialize —’[ Set ke = ki, k- ]
vapor chamber (ke = ki, k-2
L v
Cu condenser l 1
(isotropic) 4 )
Update [ Run simulation ]
vapor space | i i &
(orthotropic » S =
ook via optimizer
S £ LR \_ ) 1l
Cu evaporator iterative
(isotropic) procedure Solve heat
transfer to obtain
i H Converged vs temperatures
heat flux mput :

(MOSFETS) experiment?

w

¢ Export
Final optimized: temperature
ko=l s Koz field

Figure 6: Flow chart depicting the inverse heat transfer methodology for evaluating the magnitude of in-plane and
cross-plane thermal conductivities of the vapor chamber modeled as an orthotropic block element. A python code
(blue column) runs simulations in ANSYS (green column) to determine the VC gap conductivities that produce
temperatures that agree with the experiments.

The uncertainty of the inverse method is primarily governed by thermocouple uncertainty and
placement because the fitted in-plane conductivity depends on small lateral temperature
differences on the condenser side. Although repeated experiments and Gaussian propagation were
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used for measured thermal resistance, a full inverse-parameter uncertainty study was not
performed in this work. The extracted orthotropic conductivities should be interpreted as fitted
effective parameters and future work will include perturbation-based or Bayesian uncertainty
quantification of the inverse model.

4. Results and discussion
4.1 Criterion for thermal runaway — choice of evaporator microstructures
Earlier research investigations have shown a strong dependence on the evaporator microstructure
on the thermal dry-out prediction criterion for vapor chambers [19]. Furthermore, evaporator
microstructures should be designed by taking into account the heat from the hotspot. The
evaporative mass flux (nig) can be modeled by taking into account the heat input (Q;;,) as

mip = (25)

hrg

Furthermore, the working fluid at the hotspot is replenished by hemi-wicking of the returning
condensate to the hotspot. A generalized expression for the liquid return to the hotspot
(hemiwicking mass-flux 7ip,¢.;, liquid density pf, surface tension o, viscosity ) through the laser
textured surface (with N surface kerfs, A,,, wetted area of i™ surface kerf, € porosity of rough
surface, k permeability, and Ry, effective capillary radius of the i surface microstructure) for a
VC with characteristic size Lqs has been derived by Pal et al. [19]

. _ N pfcrcosGAwl. k
Mpemi = 221‘:1

€uLq Reeff; (26)

While such dry-out phenomena would also be influenced by the rate of droplet coalescence and its
timescale, such phenomena can be safely disregarded for VCs employing wettability patterns. The
essence of wettability patterns lies in reducing the droplet coalescence diameter to the evaporator
pool — the drops on the hydrophobic condenser are sucked into hydrophilic pathways — thereby
significantly enhancing condensation heat transfer rates at the condenser.

4.2 Vapor chamber performance evaluation

The performance of the VC was evaluated using the average MOSFET temperature (TC1 and
TC2) and the average condenser temperature (TC3 to TC6). The total thermal resistance (R
from Eq. 3) and in-plane thermal conductivity (kin-piane from Eq. 4) of the VC were evaluated for
different power inputs at three different CRs.

For the wickless VC comprising of no wettability patterns, the evaporator consisted of a monolithic
superhydrophilic surface while the condenser was uniformly hydrophobic. Three different fan
velocities (2 m/s, 3 m/s and 4.5 m/s) were used for estimating the difference in the thermal
resistance of the VCs. The experiments were conducted till the MOSFETs reached a critical
junction temperature (~110 °C) beyond which they would fail, and safe operation is no longer
waranteed by the manufacturer. The variation of R and MOSFET temperature at different die
heat fluxes and CRs of the VC are plotted in Fig. 7.
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Figure 7: (a) Total thermal resistance (R:ow1) of the VCs with no wettability patterns at different die heat flux and CRs.
(i-iii) The VCs were tested with different air velocities; 2 m/s, 3 m/s and 4.5 m/s. (b) The experiments were conducted
at a range of heat fluxes until the MOSFETs approached their safety junction temperature limit (package temperature
~100 °C). (i-iii) Variation of the MOSFET TO-247-3 package temperature plotted for different trials of each
experiment and at different cooling air velocities.

It is evident from the experimental results (Fig. 7a-c) that the thermal resistance of the wick-less
laser-textured vapor chamber remains constant even for different charging ratios and heat flux
inputs from the MOSFETs. While this might seem counterintuitive, this trend has been captured
in numerical models and explained elsewhere [19]. The VC thermal resistance is adjusted by the
variation in availability of the working fluid on either the evaporator or condenser side — at higher
heat fluxes, more fluid evaporates, and the overall size of droplets on the hydrophobic condenser
increases, thereby resulting in a greater thermal resistance on the condenser side of the VC.
Variation in cooling air velocity does have impact on the MOSFET temperatures — higher
velocities result in lower temperatures of the MOSFET, allowing greater heat fluxes through the
vapor chamber. Furthermore, even at the highest heat flux (400 W/cm?) of the MOSFET die, the
VC does not reach thermal dry-out [19]. This further supports the applicability of wick-free
systems in thermal management of electronics, wherein such VCs could provide significant
advantages over traditional systems by providing a uniform thermal conductivity at various heat
loads from the electronic system.

Furthermore, the overall increase in thermal resistance of the condenser -due to larger condensate
droplets- can be rectified by incorporating a wettability pattern on this side of the VC. The
wettability pattern comprises of both hydrophobic and superhydrophilic regions. The
superhydrophilic pathways take in larger droplets, thereby rejuvenating nucleation on the
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condenser, decreasing its overall thermal resistance. The exact working mechanism of a patterned
condenser featuring superhydrophilic tracks has been an interesting topic of research discussion
and has been explored thoroughly elsewhere [29]. The thermal resistance of VCs featuring
wettability-patterned condenser and evaporator was therefore examined for the highest air speed
setting (Fig. 8).
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Figure 8: (a) Overall thermal resistance (R.w) of VCs with wettability patterns at different die heat flux and CRs. (b)
The VCs were tested at rising heat fluxes till the MOSFETs approached their safety junction temperature limit (TO-
247-3 package temperature ~100°C).

The thermal resistance of patterned VCs was found to be significantly lower (by 62%) than those
of a non-patterned VC (Fig. 8a). Akin to the VCs of uniform wettability, the thermal resistances
show no variation with either CR or total heat flux. The temperature of the MOSFETSs cooled with
the wettability-patterned VC was considerably less— allowing MOSFET operation at greater heat
fluxes (Fig. 8b). The critical junction temperature was reached at ~400 W/cm? heat flux for the
patterned VCs. While earlier research has stressed the distinction between fofal and in-plane
thermal resistances, it is often not possible to determine the in-plane thermal resistance. This arises
from the fact that the determination of in-plane thermal conductivities using Eq. 4 results in high
values of error owing to the low-resolution reading capacities of the thermocouples (< 2°C) used
in the experiments (Fig. 9). Thus, the in-plane thermal conductivity often attains non-physical
values, making them inadequate for modeling VCs. Therefore, an iterative scheme was used here
(see next section) to determine the orthotropic thermal conductivities of the VC.
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Figure 9: Estimation of in-plane thermal conductivities from experiments for wickless VCs at different die heat flux
and CRs. Variations for VCs with no wettability patterns (uniform wettability) were estimated for different cooling-
air velocities: (a) 2 m/s, (b) 3 m/s and (¢) 4.5 m/s. (d) The in-plane thermal conductivity for a wettability-patterned
VC at 4.5 m/s shows values in a similar range with the non-patterned VCs.

4.3 Determination of vapor gap orthotropic thermal conductivity

Previously proposed methodologies [18,19,26] for determining the thermal conductivities of the
vapor gap — particularly the in-plane thermal conductivity (kyy = k,,) — exhibit several
limitations. Most existing studies [18] rely on Eq. 4, which assumes that half of the input power is
invariably spread laterally to each condenser side. However, there is no experimental or theoretical
evidence to support this assumption, casting doubt on the suitability of Eq. 4 in practical scenarios.
Hence, the inverse heat transfer methodology (Sections 3.2 and 3.3) was employed as a more
reliable alternative. Unlike previous approaches, this methodology does not depend on
oversimplified assumptions, such as equal lateral heat spreading. Instead, it integrates an iterative
approach with the solution of the full three-dimensional heat conduction equation (throughout the
three layers of the VC), enabling a more accurate estimation of in-plane thermal conductivity. As
shown in Fig. 10, the validity of the iterative approach is supported by the excellent agreement
between the temperatures obtained from the simulation and the experimentally measured
temperatures on the MOSFET (average of TC1 and TC2). Figures 10 a-i and a-ii compare
temperatures from a VC with homogeneous wettability (no patterns) and a VC with wettability
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patterns, respectively. Similarly, good agreement is observed between two different thermocouple
readings on the condenser side. Farther away from the hotspot, the average of TC3 and TC6 was
used to compare the numerical and experimental values for the two VCs (Figs 10 b-i and c-i).
Nearer to the hotspots, the experimental averages of TC4 and TC5 were compared against the
simulated values for the two VCs in Figs 10 b-ii and c-ii.
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Figure 10: (a) Plots (i-ii) illustrate the excellent agreement between the simulation results and experimentally
measured MOSFET temperature (average of TC1 and TC2), both with and without wettability patterning. (b) Plots
showing the strong agreement between the simulation data and experimentally obtained condenser-side temperature
for a VC of homogeneous wettability: (i) average of TC3 and TC6 -farthest from the MOSFETS- and (ii) average of
TC4 and TCS5 -near the MOSFETS. (c¢) Plots showing the strong agreement between the simulation data and
experimentally obtained condenser-side temperature for a VC with wettability patterns: (i) average of TC3 and TC6,
and (ii) average of TC4 and TCS5. Each sub-figure also includes the maximum deviation between simulation and
experiment.
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The corresponding plots in Fig. 11 compare the in-plane thermal conductivities of the vapor gap
in the VCs with and without wettability patterns across a range of input power levels. Notably, the
application of wettability patterning led to a substantial enhancement -up to twentyfold- in the in-
plane thermal conductivity of the vapor gap. This improvement underscores the effectiveness of
the patterned wettability approach in promoting lateral heat spreading within the vapor chamber.
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Figure 11: (a, b) In-plane thermal conductivity of the WFVC, with and without wettability patterning, respectively,
as obtained through the inverse heat transfer methodology. The application of wettability patterning results in
significant improvement, increasing kin-piane by a factor of 20.

4.4 Contextual comparison with existing cooling approaches

The present WFVC-forced-air platform is not intended to replace liquid cooling in all high-power
systems. Rather, it targets systems where liquid loops, pumps, manifolds, dielectric fluids, or
facility-level coolant distribution units are undesirable because of cost, weight, serviceability,
leakage risk, or packaging constraints. Compared with direct liquid cooling and immersion
cooling, the proposed architecture preserves the simplicity of air cooling, while using the WFVC
as an intermediate high-conductance heat spreader that reduces localized die-level heat flux before
heat rejection to air. Therefore, the most relevant comparison is not only peak heat-flux removal,
but also system-level complexity, auxiliary power, working-fluid inventory, maintainability, and
manufacturability.

Recent data-center projections indicate that cooling efficiency remains a major system-level
constraint as AI/HPC power density increases. However, because PUE depends on the entire
facility infrastructure, including chillers, fans, pumps, power distribution, climate, and controls,
the present device-level experiments cannot directly quantify facility-level PUE reduction. The
results instead show that an optimized WFVC can extend the operating envelope of forced-air
cooling by maintaining low assembly-level thermal resistance at die heat fluxes up to
approximately 400 W/cm?. This suggests a pathway for reducing reliance on more complex liquid-
cooling infrastructure in selected compact or moderate-power systems, although direct facility-
scale PUE validation remains outside the scope of the present work.
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From a manufacturing standpoint, the key additional steps in the present WFVC design are laser-
applied surface texturing, spin coating of the hydrophobic promoter layer, and selective laser
removal/patterning of the coating. These processes are compatible with digital, mask-free pattern
generation and can be applied to copper sheets prior to VC assembly. The major scale-up
challenges are processing time over large areas, maintaining uniform microstructure and
wettability over panel-scale substrates, ensuring coating adhesion during repeated
condensation/evaporation cycles, and integrating the patterned plates into hermetically sealed VC
packages with reproducible charging ratios. Potential process-optimization routes include higher-
repetition-rate scanning systems, parallel beam processing, galvanometer-based rastering, roll-to-
roll or panel-level laser processing, and inline optical/contact-angle quality control. A detailed
techno-economic analysis is beyond the scope of the present work, but these manufacturing
considerations are deemed necessary future steps for transitioning from laboratory-scale WFVC
prototypes to industrial implementation.

A direct one-to-one comparison with commercial sintered-wick vapor chambers under identical
geometry, charge ratio, mounting pressure, TIM thickness, fin geometry, and air-flow conditions
was not performed in the present study. Therefore, the present results should not be interpreted as
a universal performance ranking against commercial wick-based VCs. The relevant contribution
of the present work is the demonstration that, under the same test platform, wettability-patterned
WFVCs substantially outperform otherwise similar non-patterned WFVCs and maintain low
assembly-level thermal resistance at die heat fluxes up to approximately 400 W/cm?.
Benchmarking the present architecture against commercial sintered-wick VCs using matched
external dimensions, identical heat sources, identical TIM/mounting conditions, and the same
forced-air heat exchanger is left for future work.

5. Conclusions

The use of vapor chambers for mitigating high heat fluxes from hotspots in electronics is
ubiquitous. We demonstrate the design and experimental validation of a novel class of wick-free
vapor chambers (WFVCs) integrated with wettability-engineered copper surfaces for effective air-
cooled thermal management of high heat-flux electronics. Through a combination of laser-
fabricated texture and spatially distributed hydrophobic and super-hydrophilic domains, the
devices achieve exceptional thermal performance, dissipating heat fluxes up to 400 W/cm? (at the
die) with ultra-low thermal resistances (~0.04 K/W) using only forced air convection (with air
speeds varying from 2 m/s to 4.5 m/s). This level of performance, traditionally restricted to liquid
or two-phase cooling strategies, is here realized with scalable, solvent-free manufacturing
techniques and environmentally-friendly materials, avoiding fluorinated coolants or bulky
auxiliary cooling infrastructure.

While the present experiments were conducted in a horizontal configuration, the small vapor-gap
thickness of approximately 1 mm and the capillary length scale of the laser-textured pathways
suggest that capillary forces should dominate over gravity at the local liquid-transport scale. This
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can be expressed using the Bond number, Bo = Apgl2/y, where L. is the relevant characteristic
length scale. With water as the working fluid and across a 1 mm vapor gap, Bo ~ 0.16 (for an
average WFVC temperature of 100 °C). The low Bo value confirms that transport is capillary-
dominated. Nevertheless, the present experiments do not constitute a full orientation-independence
study and claims of strict gravity-independent operation are not made. Future work will quantify
performance under vertical, inverted, and vibration-loaded orientations, as well as evaluate the
long-term reliability and coating integrity of the wettability-patterned surfaces under extended
thermal cycling.

Beyond their performance, the present WFVCs enable a significant shift in sustainable electronics
cooling by addressing both thermal bottlenecks and energy efficiency in modern computing
systems. Their ultrathin, lightweight architecture makes them well-suited for compact platforms,
including edge Al devices, SG modules, and datacenter electronics, where space and energy
budgets are tightly constrained. A numerical modeling framework based on inverse heat transfer
analysis, offers a robust pathway for rapid design iteration and integration into heterogeneous
systems.

By enabling high-performance air-cooled infrastructure, this technology can reduce reliance on
energy-intensive liquid cooling, directly lowering the power usage effectiveness (PUE) of data
centers and significantly contributing to the net-zero energy and carbon neutrality vision of society.
The results presented here lay the foundation for next-generation thermal management solutions
that are scalable, sustainable, and integration-ready, supporting the broader vision of energy-
efficient electronics in a decarbonized digital economy.

6. Appendix A - TO-247-3 MOSFET Si-Die Area Calculation

To accurately characterize the performance of the VC-based, forced air-cooling thermal
management system developed in this study, it was necessary to determine the true heat flux
generated by the active region of the electronic device. TO-247-3 packaged MOSFETs were
utilized as the primary heat sources in all experiments. These MOSFETs are constructed with an
integrated copper heat spreader directly bonded to the silicon die to enhance thermal dissipation.

Precise calculation of the heat flux, defined as the input power divided by the active area (W/cm?),
requires accurate knowledge of the silicon die surface area. This step is critical, because the
thermal system’s design parameters, including vapor chamber sizing, material selection, and
expected thermal resistance, depend directly on the magnitude of the localized heat flux rather than
the total input power alone [45,46]. Errors in estimating the die area would propagate into
erroneous evaluations of VC performance, potentially leading to under-design or over-design of
cooling solutions [47]. In high-heat-flux applications, where localized thermal loads can exceed
hundreds of W/cm?, such inaccuracies can significantly compromise device reliability and system
efficiency.

To expose the silicon die of the present MOSFETs, a chemical removal process was employed.
The MOSFETs were submerged in concentrated nitric acid (HNO3) under gentle stirring and
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heated to approximately 140 °C to accelerate the dissolution of the embedded copper heat spreader.
After roughly one hour, when bubbling ceased (indicating completion of the reaction), the
remaining device was retrieved from the acid bath. Subsequent ultrasonic cleaning in acetone was
performed to remove any residual reaction by-products and debris from the die surface. Following
preparation, the exposed silicon die surfaces were imaged using a Keyence VHX-6000 digital
microscope, allowing high-resolution area-size measurements. Figure A1 displays the microscopy
images and the corresponding area calculation process. From these measurements, the effective
surface area of the silicon die was determined to be approximately ~0.27 cm?. This value was used
for all heat-flux calculations and thermal modeling efforts reported throughout this work.

MOSFET

Figure Al: (a) High-resolution photograph of the exposed Si-die from the
TO-247-3 MOSFET package (using vertical stacking microscopy —
Keyence VHX6000). While the overall heat transfer area is marked with a
red dashed line (---), the heat release occurs from the rectangular die-surface
area.

Overall heat
transfer area
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S1. Power-input estimation for the MOSFET heating circuit

This section summarizes the electrical power calculation used to determine the heat input
delivered to the vapor chamber (VC) in the MOSFET heating circuit and provides a conservative
bound on the contribution of PCB parasitics.

Cdc

P T T

Figure S1. Switching circuit used to generate controlled heat input in the MOSFET-based VC
test vehicle. L, denotes the parasitic inductance of the PCB copper path; no discrete external
inductor is present on the board.

S1.1 Simplified heat-input expression


mailto:cmm@uic.edu

The heat input to the VC is obtained from the measured electrical input to the circuit after
subtracting the intentional ohmic dissipation in the external resistor R,:

QVC ~ Vinlin - ROII%O,rms (Sl)

where Vin, Lin and Iro-ms denote the measured supply voltage, average input current, and RMS
current through the external resistor, respectively. Equation (S1) therefore interprets the
remaining electrical dissipation as the heat delivered to the MOSFETs and, by extension, to the
VC. This approximation is appropriate because the MOSFET thermal pad is coupled directly to
the VC through the interfacial stack, while lateral and backside heat leakage are strongly
suppressed by the Teflon enclosure and by the low through-thickness thermal conductivity of the
FR-4 PCB.

Equation (S1) neglects losses associated with the freewheeling diode and with the parasitic trace
inductance. To assess the impact of this simplification, a conservative upper bound on these
parasitic electrical losses is derived below using standard first-order power-electronics estimates

[1].

S1.2 Conservative bound estimate of parasitic electrical losses

Over one switching period, the electrical input power may be written as
Py, = PRO + Ppar + Pyosrers Pin = Vinlin (S2)

where Ppar collects PCB-copper loss and any dissipation associated with the decay of current
stored in the parasitic inductance L, during turn-off. Because no discrete external inductor is
present on the PCB, L, represents only the stray inductance of the copper current path.

The energy stored in this parasitic inductance is

1
E, =3 Lplpy (S3)
If that stored energy were fully dissipated once per switching cycle, the corresponding maximum
average power would be

PLp,max < ELpr (S4)

The corresponding freewheeling-diode conduction interval can be estimated by

tp ~ B (S5)
Up1

Here, the denominator represents the forward drop of the MOSFET body diode. Since the
parasitic inductance is only of order nH, the resulting conduction interval is much smaller than
the switching period 75 = 1/f;; accordingly, the diode conducts only for a very small fraction of
each cycle and its contribution is bounded by the small stored energy in the parasitic trace
inductance. The purely ohmic loss in the PCB copper path is estimated from

Pey = RCuIEms (S6)



S2.0 Representative operating point

At a representative high-power operating condition, the measured supply voltage is 52 V, the
average input current is 4.0 A, and the external resistor is 3 Q. These values give Qyc = 160 W
using Eq. (S1).

To obtain a conservative upper bound on the neglected parasitic losses, the parasitic inductance
is taken as 20 nH, the peak current 8 A, the diode forward drop 0.9 V, the switching frequency
100 kHz, and the copper resistance 30 mQ. The choice of 8 A corresponds to a 50% duty-cycle
upper-bound estimate for a case with an average input current near 4 A.

The above values give a stored parasitic-inductance energy of 0.64 uJ, a maximum associated
average power of 0.064 W, and a diode-conduction interval of approximately 178 ns, which is
only about 1.8% of a 10 pus switching period. Using an RMS current of 5.66 A as a conservative
square-wave estimate yields a PCB-copper loss of about 0.96 W.

X =29 % 100% (S7)

ve

Therefore, the total neglected parasitic loss is bounded by 1.02 W and the corresponding
neglected fraction is bounded by 0.64% at this representative high-power condition. Because this
estimate intentionally uses upper-bound assumptions for both current and parasitic inductance,
the neglected fraction is expected to be smaller under the remaining operating conditions.

S2.1 Implication for the thermal analysis

The experimental uncertainty in Qyc, as obtained from propagation of the voltage and current
measurement uncertainty, is several Watts across the tested range. Consequently, a parasitic
electrical loss below approximately 1 W is well within the measurement uncertainty and does not
affect the trends in VC thermal resistance reported in the main text. The simplified heat-input
expression given in Eq. (S1) is therefore adequate for the thermal analysis.
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