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A B S T R A C T

Vapor chambers (VC) are passive heat spreaders that dissipate localized heat by distributing their working
liquid’s latent heat in efficient ways, and in turn, promoting device performance. In this study, the role of
the physicochemical characteristics of the condenser side of a VC using a wick-free uniformly hydrophobic
surface versus a wettability-patterned surface opposing a wick-lined copper evaporator is investigated. The
device’s cooling capacity with water as working fluid is evaluated via two silicon-based metal–oxide–
semiconductor field-effect transistors (MOSFET) as heat sources and an air-cooling mechanism simulating a
real-world application in power electronics. The results show that both VC types with wickless condensers
outperform a solid copper plate at high heat fluxes. A maximum heat removal of 202 W was achieved via a
wettability-engineered condenser with a minimum thermal resistance below 0.01 K/W.
1. Introduction

According to MarketsandMarkets [1], ‘‘the power electronics market
is projected to grow from USD 37.4 billion in 2021 to USD 46.3 billion
by 2026.’’ This represents an annual growth rate of 4.4% in that pe-
riod. The ever-expanding incorporation of high-frequency power elec-
tronics in various industries, such as electric vehicles [2], renewable
energy [3], power grids [4], biomedical electronics [5], wireless trans-
mission [6], etc., has been the key driving force for such impressive
growth over the past decade. Concurrently with the developing markets
in each sector, demands for thinner, lighter, and miniaturized electronic
devices with higher power density and compact size have been increas-
ing steadily. Nowadays, switching frequencies of semiconductor devices
in power electronics reach hundreds of kHz or MHz levels and the
trend remains upward [7–9]. However, an increasingly more compact
electronic package with higher power density and reduced volume
also handles greater heat fluxes. Hence, these advancements impose
difficult challenges to thermal management technologies to maintain
the safe and reliable operation of these devices. As reported by the
US Air Force Avionics Integrity Program [10], approximately 55% of
electronic equipment failures originate from temperature overshoots.
Moreover, Black’s equation [11] suggests that the temperature increase
accelerates the failure of electronics. These challenges highlight the
importance of more efficient and cost-effective thermal management
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solutions to improve the performance and reliability of high-power
electronic devices.

In general, electronics cooling methods can be divided into two
categories; active and passive [12]. The passive cooling approaches
mostly rely on natural convection, whereas in active cooling, an extra
source, usually electrically-driven, is required to remove heat. Active
cooling can be performed by either direct or indirect contact with the
heat transfer medium. Vapor chambers and heat pipes are the most
commonly used devices for indirect cooling. These devices, which are
essentially passive heat spreaders, are designed to spread heat more
uniformly and efficiently to a larger area from where the heat could be
removed by an active medium, e.g. forced air or the circulating liquid
in a cold plate. Vapor chambers and heat pipes remove heat via phase
change where the latent heat of the working fluid is absorbed during
evaporation occurring over the heat source and is subsequently released
by condensation on the condenser side (attached to a heat sink) of
the device. Next, the condensed liquid returns to the evaporator via
wick capillary action either via wicking posts or capillary bridges [13],
and the thermodynamic cycle is completed. By repeating this process,
the heat is dissipated from a local spot to a larger area efficiently and
eventually removed from the condenser (cooled) side.

As mentioned above, VCs consists of evaporation and condensation
sections. The evaporation usually takes place on a metal wick (or a
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Nomenclature

Abbreviations

CR Charging Ratio
DAQ Data Acquisition
DwC Dropwise Condensation
FwC Filmwise Condensation
HPB Hydrophobic
MOSFET Metal Oxide Semiconductor Field Effect

Transistor
PCB Printed Circuit Board
VC Vapor Chamber
WP Wettability-Patterned

Super/subscripts

avg Average
c Condenser
𝐷 MOSFET Drain
exp Experimental
𝑔 MOSFET Gate
h Heater
instr Instrumental
𝑝 Parasitic
𝑆 MOSFET Source
𝑠 Switching

Symbols

𝐶𝑑𝑐 DC-link Capacitance (F)
𝐷1 Freewheeling Diode
𝑓𝑠 MOSFET Switching Frequency (kHz)
𝐻1 MOSFET 1 or Heat Source 1
𝐻2 MOSFET 2 or Heat Source 2
𝐼 Current (A)
𝑖𝐷 MOSFET Drain Current (A)
𝑖𝑖𝑛 Input Current (A)
𝐿𝑝 Parasitic Inductor (H)
𝑃𝑜𝑓𝑓 MOSFET Off-status Loss (W)
𝑃𝑜𝑛 MOSFET On-status Loss (W)
𝑃𝑠−𝑜𝑓𝑓 MOSFET Switching-off-transition Loss (W)
𝑃𝑠−𝑜𝑛 MOSFET Switching-on-transition Loss (W)
𝑄 Heat Load (W)
𝑟 Radius (mm)
𝑅0 Load Resistance (𝛺)
𝑅𝑔1 MOSFET 1 Gate Resistance (𝛺)
𝑅𝑔2 MOSFET 2 Gate Resistance ( 𝛺)
𝑅𝑉 𝐶 Vapor Chamber Thermal Resistance (K/W)
𝑇 Temperature (◦C)
𝑡0−5 Time Point (s)
𝑇𝑠 Switching Period (s)
𝑉 Voltage (V)
𝑉𝐷𝑆 MOSFET Drain-Source Voltage (V)
𝑣𝑔1 MOSFET 1 Gate Voltage (V)
𝑣𝑔2 MOSFET 2 Gate Voltage (V)
𝑉𝑖𝑛 DC Power Supply (V)
𝑣𝑝 MOSFET Plateau Voltage (V)
𝑣𝑡ℎ MOSFET Gate Threshold Voltage (V)

ine micro/nanostructure) where the thin-film evaporation and boiling
romote heat removal and play a major role in the VC’s thermal perfor-
ance [14,15]. The wick’s physical properties, including its porosity,
2

Fig. 1. Major thermal resistances (in series) in a vapor chamber. Only the left half
portion of the system is shown due to symmetry. The evaporator is at the bottom in
contact with the heat source (red), while the condenser is at the top. The wick is shown
as a porous layer (spheres) on top of the evaporator plate.

permeability, and effective thermal conductivity, designate the criti-
cal/maximum heat load that can be removed by the device without
dry-out [16]. Numerous studies have been conducted to enhance the
evaporation/boiling phenomena in a vapor chamber. Chen et al. [17]
combined a copper mesh with a micropillar structure and fabricated a
novel ultra-thin vapor chamber (UTVC). Their results showed that the
UTVC can have up to 30 times higher thermal conductivity compared
to pure copper. Moreover, the heat transfer performance was reduced
only by 11% while working against gravity. Liu et al. [18,19] suggested
a biomimetic leaf-vein-like porous structure for the wick of the vapor
chamber. Their results showed that the porous network could reduce
the thermal resistance with great temperature uniformity on the con-
denser side. Velardo et al. [20] fabricated a hybrid wick structure by
combining a screen mesh with sintered powder, which was shown to
enhance the heat transfer performance of a vapor chamber [21]. Li
et al. [22] experimentally investigated the influence of metal foams and
sintered copper powder wick structures on a vapor chamber’s thermal
performance. They found that the copper foam enhanced temperature
uniformity on the condenser side, and the copper powder reduced
thermal resistance. Most of the literature has focused on the contribu-
tion of boiling and evaporation heat transfer on the evaporator side
of the VC to its thermal performance since the wick’s physical and
chemical properties play a dominant role in the VC’s overall thermal
resistance [23,24]. Although numerous studies have been performed
on the role of wick structure on evaporation [25–27] and boiling [28–
30] in vapor chambers, heat transfer enhancement of vapor chambers
through the condensation section has not been explored as much.
However, evaporation/boiling and condensation occur hand-in-hand
inside the sealed chamber, and thus the interactions between these two
phenomena directly influence the heat transfer characteristics of the
chamber [31].

Fig. 1 shows a schematic diagram of a VC’s thermal resistance
network. The major hurdles in the heat transfer path are imposed by
the wick (micro/nanostructure), interfacial resistance of evaporation,
and condensation. While the first two factors are governed by the wick
structure on the evaporator side, the latter can be controlled indepen-
dently on the condenser side. Hence, engineering the condenser side to
reduce the condensation thermal resistance and enhancing/facilitating
the working liquid circulation could further enhance the VC’s thermal
performance. In conventional fully wick-lined VCs, condensation occurs
on a porous metal wick, a smooth surface or a combination of both.
Besides, at low heat inputs, condensation may also occur in the vapor
flowstream, which carries the condensate to the condensation zone
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Fig. 2. Experimental setup components. (a) DC Power Supply; (b) DAQ; (c) Oscilloscope; (d) Logic Power supply; (e) Wave Generator; (f) VC/PCB assembly; (g) Assembled VC
(bottom) with charging and vacuum ports connected through the gasket. The four grooves for thermocouples 𝑇 1

𝑐 − 𝑇 4
𝑐 can be seen on the underside of the raised plate. A blue
thermal pad covers the top of the VC and forms the interface between the condenser and the Aluminum plate. Further VC and PCB details are shown in Figs. 3–6.
where it is absorbed by the capillary core [32]. A range of studies has
been conducted to enhance condensation and temperature uniformity
on the metal wicks. Patankar et al. [33] proposed a biporous condenser-
side wick that provided a wider vapor core; the condenser surface
peak-to-mean temperature difference declined by 37% compared to a
uniform wick structure. Li et al. [34] performed a numerical design
optimization and proposed a grooved condenser wick structure to
ensure temperature uniformity. Wu et al. [35] implemented numerical
analysis to illuminate the role of condenser wettability on the boiling
performance of a vapor chamber. They concluded that there is an
optimal uniform wettability where the thermal resistance and evapo-
rator temperature are minimal. In a recent study, Zhang et al. [36]
showed that the condensation mode in a VC could be the governing
factor in the overall thermal performance of the device. Wiedenheft
et al. [37] conducted an experimental study with a vapor chamber
featuring a superhydrophobic surface that promoted jumping-droplet
condensation [38] and achieved significant heat transfer enhancement
compared to a copper plate.

There exist two primary modes of condensation; Filmwise (FwC)
and Dropwise (DwC). In the former, the surface is flooded with con-
densate, with a film covering the surface after the transient exposure
to vapor. In the latter, the condensate droplets grow individually, and
via a draining mechanism, they provide a dry surface for renewed
condensation. DwC provides one to two orders of magnitude higher
heat transfer rate than FwC [39,40]. In the past two decades, scientists
have taken several approaches to enhance the condensation heat trans-
fer by controlling the maximum droplet size (𝑟𝑚𝑎𝑥) and drainage rate
on a surface; such approaches include superhydrophobic surfaces [41,
42], wettability-patterned surfaces [43–46], wettability gradient sur-
faces [47,48], and grooved surfaces [49,50]. In a particular case,
Mahapatra et al. [46] developed a wettability-engineered surface where
juxtaposed hydrophilic strips (promoting DwC) and superhydrophilic
(promoting FwC) wedge-shape tracks enhanced the HTC via confining
the droplets on the DwC domains (𝑟𝑚𝑎𝑥) and efficiently draining the
condensate via the superhydrophilic tracks [51]. On the same premise,
Koukoravas et al. [13] developed a hybrid vapor chamber in which
3

a similar wettability-patterned surface was used as the condenser and
achieved minimum thermal resistance of 0.24 K/W at a thermal load
of 87 W. Featuring similar technology, a vapor chamber-thermal diode
[52] and a heat pipe [53] were later fabricated and showed thermal
performance enhancements over uniformly hydrophilic or hydrophobic
wickless condenser surfaces.

In this study, we focus on a real-life application of electronics
cooling with a hybrid vapor chamber featuring a uniform wick-lined
evaporator and a wickless wettability-engineered condenser for cool-
ing two high-power metal–oxide–semiconductor field-effect transistors
(MOSFET)s and keeping them below a temperature threshold. As op-
posed to our previous studies [13,54] where a liquid-cooled plate was
used on the condenser side, in this work, forced air convection cooling
of a simple aluminum plate heat sink was used to further illustrate the
performance capabilities of wettability patterning under a less efficient
heat removal method (forced air cooling). It is important to note that
although similar interior structures as in [13,53] are studied here,
several major differences (including the number of heat sources and
their heating area), the heat dissipation direction (1D in heat pipe
vs. 2D in VC), heat sink type (water chiller vs. fan-cooling), and heat
dissipation relative area ratio (heat source area vs. total area of the VC)
are expected to affect the overall heat removal capacity and efficiency
of the system.

2. Materials and methods

Figs. 2 and 3 show the components of the experimental setup and
the details of the vapor chamber test rig, respectively. As shown in
Fig. 2, the heat generated by the MOSFETs was controlled by: a DC
power supply (HY10010EX) with output from 10 to 60 V; a logic power
supply (Agilent E3646 A) set at 20 V to operate the printed circuit
board (PCB); a Wavetek Model 395 wave generator set at 100 kHz
to control the switching frequency of the MOSFETs, and a Tektronix
TPS2024B digital oscilloscope to monitor the electrical signals. As
shown in Fig. 3, the VC is clamped between a 152.4 mm × 101.6 mm
× 10 mm aluminum 6061 (McMaster-Carr) plate and a bench via four
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Fig. 3. Cross section schematic of the experimental setup and thermocouple placement on both sides of the VC.
screws. The pressure applied on the system was controlled via a torque
screwdriver (Neiko 10573B) set at 30 Nm. The aluminum plate provides
sufficient pressure for sealing the VC via the gasket mechanism (as
discussed in the next subsection) and also acts as the heat sink for the
system.

The VC is in contact with the aluminum plate and the MOSFETs
through a thermally conductive and electrically insulating pad (thermal
conductivity 3.5 W/m-K, 951-GP3500ULMG20-12, Mouser). A 5 mm
Teflon plate with two identical (45 mm × 16 mm) pockets (Figure S1)
was placed on the PCB to provide a uniform seating area for the VC and
insulate the evaporator plate from the bottom side. Temperatures were
recorded via 6 thermocouples (Omega, T-type, bead diameter 0.05 mm)
of which four were distributed on the condenser plate and the rest on
the MOSFETs. The temperature recordings were obtained via a data
acquisition device (Omega DAQ, USB 2400 series) at 1 Hz sampling
frequency. More pieces of equipment – not shown here – utilized in
the experiments included: A vacuum pump (Alcatel Annecy 2008 A)
used to evacuate the VC from non-condensable gases (NCGs) and bring
it to a pressure of ∼ 7 kPa. This pump was connected to the VC via a
copper tube fitted through the gasket with an on/off valve and a precise
flow-control valve connected in series. The on/off valve was placed
before the VC and a vacuum gauge was connected between the two
valves to control the pressure during the evacuation stage. Although
not all NCGs were removed with the present evacuation protocol, ∼
93% of NCG mass was removed, thus reducing their influence on the
thermal performance of the device [13,53,54]. Finally, a 12 cm × 12 cm
electrical fan (Sunon, SP101 A, 115 V, 0.21 A) was placed near the
aluminum heat sink to remove the heat in the lateral direction, as
shown in Fig. 3.

2.1. Power electronics design and thermal cooling

Fig. 4(a) illustrates the detailed circuitry used here as a controllable
heat source; the circuitry is a modified version of the standardized
double-pulse test circuit typically employed in Power Electronics. The
experimental prototype of the circuitry is shown in Fig. 4(e), to demon-
strate the efficacy of the proposed cooling system. The experimental
settings and equipment used are tabulated in Table 1. The circuitry
mainly consists of a DC power supply (𝑉in), a DC-link capacitor (𝐶dc),
the fixed resistive load (𝑅0), a freewheeling diode (𝐷1), two semicon-
ductor devices (𝐻1 and 𝐻2), a gate driver and a function generator.
The number of semiconductor devices in parallel can be expanded to
enlarge heat generation capability. The function generator launches
digital signals that are amplified by the gate driver circuit to the voltage
level suitable for triggering the semiconductor devices in parallel. Upon
receiving the amplified gate signals, the semiconductor devices are
turned on and off separately through gate resistors (𝑅g1 and 𝑅g2). This
design enables flexible control of the amount of generated heat.
4

Table 1
Experimental settings (Value) and equipment used (Part)

Name Value/Part

𝑓s 100 kHz
𝑅0 3 Ω
𝑣g1 and 𝑣g2 15 V
𝐻1 and 𝐻2 STW4N150
DC Supply HY10010EX
Auxiliary Supply Agilent E3646A
Function Generator Wavetek Model 395

2.1.1. Circuitry operation
The current from the DC power supply flows through 𝑅0 and the

semiconductor devices when any of 𝐻1 and 𝐻2 is on, as shown in
Fig. 4(b). However, when both power devices 𝐻1 and 𝐻2 are turned
off, then, no energy is extracted from the power supply and the current
is directed to the parasitic inductor 𝐿p, freewheels through diode 𝐷1
and gradually dissipates the magnetic energy by load resistor 𝑅0, as
illustrated in Fig. 4(c). Turn-on, turn-off and conducting losses are
generated as semiconductor devices are periodically turned on and
off. Those electrical losses are converted into heat. Without proper
and sufficient cooling, the device junction temperature will exceed the
maximum tolerable limit (∼ 150◦C) and lead to permanent damage.

2.1.2. Loss (heat) generation mechanism
To elaborate on the loss generation mechanism, the simplified turn-

on and turn-off transients together with on/off of the semiconductor
devices over one switching period (𝑇s) are shown in Fig. 4(d). The
voltage across drain and source of 𝐻1 and 𝐻2 is denoted as 𝑉DS(𝑡) and
starts to increase whenever the gate voltage decreases to plateau level
𝑉p, as indicated from 𝑡0 to 𝑡1. After that, the device current 𝑖D(𝑡) drops
to zero when the gate voltage is reduced to the threshold level 𝑉th,
between 𝑡1 and 𝑡2. The device is fully turned off between 𝑡2 and 𝑡3, and
the loss (𝑃off) within this period is negligible. The time interval between
𝑡3 and 𝑡5 follows the reverse trends from 𝑡0 to 𝑡1. Both time intervals
induce significant loss (denoted as 𝑃s-off and 𝑃s-on) due to large overlap
between 𝑉DS(𝑡) and 𝑖D(𝑡). It is worth mentioning that the induced loss
can be further controlled by varying the switching frequency 𝑓s and
gate resistances 𝑅g1 and 𝑅g2. The time interval between 𝑡5 and 𝑡0
represents the device conduction period and usually does not induce
much loss (𝑃on) due to low on-state resistance of up-to-date devices.
However, the dated Si-based MOSFETs of the TO-247-3 package (each
25 mm 𝑥 16 mm 𝑥 5 mm including terminals, 1.55 cm2 effective heat
dissipation area) with typical 5 𝛺 on-state resistance are intentionally
selected here to generate a considerable loss, and thus, emulate high-
power application cases with a low-power and low-cost experimental
setup.
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Fig. 4. (a) Detailed circuitry used as controllable heat source; (b) 𝐻1 and 𝐻2 are on; (c) 𝐻1 and 𝐻2 are off; (d) Simplified gate signal and loss generation mechanism; (e)
Photograph (top view) of the experimental prototype. The VC (not shown) was placed on top of the PCB bearing the two MOSFETs, seen at the center.
Fig. 5. (a) Top view of fabricated evaporator plate with elevated sintered copper powder layer on top and 3 Teflon spacers. Red boxes indicate the MOSFETs’ positions under the
plate in a test. (b) Fabricated uniformly hydrophobic condenser plate. (c) Fabricated wettability-patterned condenser plate with superhydrophilic domains wetted to show contrast.
Black and copper hues indicate superhydrophilic and hydrophobic domains, respectively. The center of the plate is not patterned for alignment with the middle Teflon spacer. (d)
Side view of the VC assembly without the sealing gasket. The three Teflon spacers can be seen supporting the top plate. Bottom left: Scanning electron micrographs of the sintered
copper powder (left) and the superhydrophilic region (right) of the wettability-patterned condenser. Green and blue scale bars denote 10 μm and 1 μm, respectively.
Currently, Si-based semiconductor devices of different packaging
are widely manufactured and used in both industry and academia due
to their many merits, such as low cost, high reliability and availability,
and adequate supportive circuits. The TO-247-3 package is one of the
most common Si-based MOSFETs; this type of package is usually used
for relatively low-power applications due to its thermal constraints. The
losses generated from device switching events heat up the device and
the loss becomes larger as the switching frequency or system power
level increases. Consequently, it is hard for the semiconductor device
of the TO-247-3 package to handle the generated heat under such
circumstances without proper cooling. The conventional heat sink with
forced air cooling is bulky (fins, etc.), therefore, the hybrid VC-based
cooling is explored here with forced air as a cooling method for this
application.
5

2.2. Wick-lined evaporator

Fig. 5(a) shows a photograph of the evaporator used in this study.
The evaporator is made of a 114.3 mm × 63.5 mm × 2 mm conductive
101 copper plate (thermal conductivity 390.88 W/m.K, McMaster-
Carr). A 1 mm deep trench-cut was milled around the MOSFETs on the
back of the plate to minimize the lateral conduction through the copper
plate; Fig. 6(a). Therefore, the thickness of the evaporator plate at this
point was reduced to 1 mm. Two 31.75 mm × 1 mm × 1 mm grooves
were milled onto the copper plate to accommodate the thermocouples.
To fabricate the wick structure, a 1 mm thick copper frame (with
uniform 6.35 mm width) was placed on the evaporator plate and filled
with a fine copper powder (35–40 μm, 90% purity, Metal Powder USA).
Then, the frame was carefully removed and the sample was transferred
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to a single-zone tube furnace (Lindberg, Blue-M-HTF55322c) where the
copper powder was sintered at a temperature of 950 ◦C for 15 min in a
controlled atmosphere of Hydrogen and Argon, creating a 1 mm thick
copper wick on top of the plate. Scanning electron microscope (SEM)
images of the sintered copper powder microstructure are shown at the
bottom left of Fig. 5.

2.3. Wickless plate

Figs. 5(b) and (c) show photographs of the condensers used in this
study. Each condenser plate was made of a 114.3 mm × 63.5 mm
× 2 mm conductive 101 copper plate (thermal conductivity 390.88
W/m.K, McMaster-Carr). A 6.35 mm wide and 1 mm deep rim was
milled out from the plate border to place the gasket and also pro-
vide the essential interior gap for the VC. To prepare a hydrophobic
condenser, Teflon AF (AF 2400, Amorphous Fluoroplastics Solution,
Chemours Co.) solution was spin-coated on the plate (2000 rpm for
20 s, WS-400-6NPP-LITE Spin Processor) and then cured in the afore-
mentioned furnace in the following stages: 80 ◦C, 240 ◦C, and 330 ◦C
for 10-minute intervals. The cured Teflon layer had a thickness below
100 nm [13] and rendered a hydrophobic smooth surface (CA ∼ 118◦).
For the wettability-patterned condenser (Fig. 5c), a fiber-laser marking
system (EMS400, TYKMAElectrox®, 40% power, 20 kHz frequency,
200 mm/s traverse speed) was employed to selectively remove the
Teflon layer alongside a thin copper layer, resulting in shallow superhy-
drophilic etched domains as shown in the contact profilometry images
of Figs. S2 and S3; see supplementary material. Next, a chemical etch-
ing approach was used to passivate the etched domains. In this process,
the plate was immersed in an aqueous solution of 2.5 mol/L sodium
hydroxide and 0.1 mol/L ammonium persulfate (Alfa Aesar) at room
temperature for 6 min. This process grew copper hydroxide nanohairs
on the laser-etched domains, creating a nanostructured surface [55]
with water contact angle of ∼ 0◦, while the Teflon-coated mirror-finish
regions retained their hydrophobicity with contact angle of ∼ 118◦.
Fig. 5(c) shows the final biphilic condenser and the SEM photos of
the nanostructures on the superhydrophilic domains. This technique
created a wettability-patterned surface with superhydrophilic regions
laid on a hydrophobic background.

2.4. Gasket

To seal the device during the experiment and maintain the required
interior gap between the evaporator and condenser plates, as shown in
Figs. 3 and 6(b), a 3.175 mm thick and 6.35 mm wide gasket sheet
(Viton® Fluoroelastomer Rubber Sheet Chemical-Resistant, McMaster-
Carr) was placed on the borders of the device. Two identical holes,
each 1.5 mm in diameter, were made on the two opposite sides of
the gasket to accommodate the evacuation and charging ports. Two
1.64 mm (outer diameter) and 60 mm-long copper tubes connected
to a syringe filled with deionized (DI) water and the vacuum pump,
respectively, were press-fitted into these holes. The gasket and the three
5 mm 𝑥 5 mm 𝑥 1 mm Teflon pieces (Fig. 5(a)) maintained a fixed
distance between the two plates, creating the 1 mm-wide vapor space
needed for implementing the thermal cycle. Teflon was chosen for the
spacers to minimize the conduction heat transfer across the two plates.

2.5. Experimental procedure

After assembling the device and clamping it via the torque screw-
driver, the device was evacuated. Next, the vacuum line was closed
and a designated amount of DI water was charged into the device
through the charging port. Next, the device was preheated to 50 ◦C for
20 min to release any dissolved NCGs from the DI water. This process
was shown to be adequate for ridding the device of NCGs [13,53,54].
Subsequently, the device was left to cool naturally to room temperature
before further testing. Next, a step-wise heating protocol was followed,
6

Fig. 6. (a) The back of the evaporator plate shows a 1 mm-deep trench around the
MOSFETs and 2 thermocouple grooves spaced 25.4 mm apart. The red dashed frames
indicate the approximate position of the MOSFETs under this plate. (b) Assembled VC
in side view. The gasket (black) blocks the view of the VC interior.

with the device reaching a steady state in 9 min. Data acquired for
60 s from this point was used for analysis. Two automatic shut-down
criteria were implemented in this study: (a) when the temperature of
one of the two MOSFETs (𝑇 1

ℎ and 𝑇 2
ℎ ) exceeded 105 ◦C, and (b) when

the device reached a dry-out state, as indicated by a sharp increase in
its temperature.

2.6. Performance metrics and error analysis

2.6.1. Metrics
The heat input was calculated from

𝑄 = 𝑉 𝑖𝑖𝑛 − 𝑅0𝐼
2 (1)

where 𝑉 is the input DC voltage, 𝑅0 the resistive load (3 𝛺), and 𝐼 , 𝑖𝑖𝑛,
respectively, the root-mean-square and average input current from the
DC power supply. The thermal resistance of the device was calculated
by

𝑅𝑉 𝐶 = 𝛥𝑇
𝑄

(2)

where, based on Fig. 3,

𝛥𝑇 = 𝑇ℎ − 𝑇𝑐 =
𝑇 1
ℎ + 𝑇 2

ℎ
2

−
𝑇 1
𝑐 + 𝑇 2

𝑐 + 𝑇 3
𝑐 + 𝑇 4

𝑐
4

(3)

To working fluid charging ratio (CR) is defined as follows

𝐶𝑅 =
𝐿𝑖𝑞𝑢𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒
(4)

In this study, three CRs of DI water were tested; 2.3 ml - 35% (CR1),
2.6 ml - 40% (CR2), and 3.2 ml - 49% (CR3).

2.6.2. Error propagation
To determine experimental errors, a Gaussian error propagation

rule [13,53] was performed on each metric, as follows

𝛴𝜙 =

√

(

𝜕𝜙
𝜕𝛼

)2
𝜎2𝛼 +

(

𝜕𝜙
𝜕𝛽

)2
𝜎2𝛽 +⋯ (5)

where 𝜙 is a defined metric that is a function of 𝛼, 𝛽, etc. The standard
deviation of each variable 𝑥 is calculated by

𝜎 =
√

𝜎2𝑒𝑥𝑝 + 𝜎2𝑖𝑛𝑠𝑡𝑟 (6)
𝑥 𝑥 𝑥
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Fig. 7. (a) Wettability pattern used on the condenser plate (black domains: superhydrophilic, white: hydrophobic). (b) A single repeating unit (in red square) of the pattern with
a low-pressure well. (c) A growing bulge on a well facing the wick below. (d) The bulge grows and touches the wick structure, thus forming a capillary bridge. (e) Snapping and
drainage of the capillary bridge into the evaporator wick (at bottom).
with 𝜎𝑒𝑥𝑝𝑥 and 𝜎𝑖𝑛𝑠𝑡𝑟𝑥 being the standard deviation of the experimental
measurements and instrument accuracy, respectively, for each variable
(𝐼, 𝑉 , 𝑇ℎ, 𝑇𝑐). The latter is considered constant for each instrument, with
the following values for 𝜎𝑖𝑛𝑠𝑡𝑟𝐼 = 0.005 𝐴𝑚𝑝𝑠, 𝜎𝑖𝑛𝑠𝑡𝑟𝑉 = 0.05 V, and 𝜎𝑖𝑛𝑠𝑡𝑟𝑇 =
0.25𝐾. For each case, two separate runs were performed and the final
error was calculated by

𝛴𝜙̄ =
𝛴𝜙
√

2
(7)

Considering 𝑄 = 𝑄(𝑉 , 𝐼), the heat input error can be found by

𝛴𝑄 =

√

(

𝜕𝑄
𝜕𝑉

)2
𝜎2𝑉 +

(

𝜕𝑄
𝜕𝐼

)2
𝜎2𝐼 (8)

Also, since 𝑅𝑉 𝐶 = 𝑅𝑉 𝐶 (𝑇ℎ, 𝑇𝑐 , 𝑉 , 𝐼), the thermal resistance error can be
calculated by

𝛴𝑅𝑉 𝐶

=

√

[

𝜕𝑅𝑉 𝐶
𝜕𝑉

]2
𝜎2𝑉 +

[

𝜕𝑅𝑉 𝐶
𝜕𝐼

]2
𝜎2𝐼 +

[

𝜕𝑅𝑉 𝐶
𝜕𝑇ℎ

]2
𝜎2𝑇ℎ +

[

𝜕𝑅𝑉 𝐶
𝜕𝑇𝑐

]2
𝜎2𝑇𝑐 (9)

3. Results and discussion

The working principle in this study follows prior work [13,54].
As shown in Fig. 7, the wettability pattern on the condenser consists
of an interdigitated design, in which superhydrophilic wedge-shape
tracks are spaced 1 mm apart and connected to a main stem, which
features a large circular well along its path. As shown earlier [46,56],
the pattern of Fig. 7(b) can enhance the condensation heat transfer
by controlling the maximum condensate diameter on the DwC regions
(by fixing the spacing between superhydrophilic wedge-shape tracks,
1 mm in this study, rendering 𝑟𝑚𝑎𝑥 = 0.5 mm, as opposed to the uniform
hydrophobic condenser where 𝑟𝑚𝑎𝑥 = 1 mm) in addition to enhancing
condensate removal via the superhydrophilic diverging tracks. The
enhanced drainage originates from liquid curvature difference (and
thus capillary pressure) along the wedge-shape tracks, which enable
high transport and pumping velocities of the order of 10 cm/s from
their narrow to their wider end [51].

During operation, as soon as the wettability pattern is exposed
to vapor, a film covers the superhydrophilic regions, whilst dropwise
condensation takes place on the DwC (hydrophobic) domains. The
condensate droplets on the DwC region grow either by further conden-
sation or coalescence and, after getting large enough (diameter 𝐷 >
1 mm), they touch the superhydrophilic (FwC) regions and, again due
to capillary action, get sucked into the liquid film and quickly drained
to provide a fresh surface for renewed condensation. The FwC domains
possess a unique quality due to being connected to low curvature
circular domains (r = 2 mm), in which by creating a low-pressure
7

site, they can naturally collect the condensate at the designated points
by capillary action. As more vapor gets condensed, a bulge starts to
grow at these low-pressure sites (Fig. 7(c)) and after growing large
enough, reaches the wick on the other side of the device (Fig. 7(d)).
At this point, a liquid bridge is formed and the liquid gets transferred
to the wick-lined evaporator due to the capillary pressure difference.
This capillary bridge is eventually drained and snaps due to the loss
of liquid; Fig. 7(e). The liquid is transferred back to the evaporator
and the thermal cycle is repeated. The capillary bridge frequency of
formation/snapping is a critical part of the thermodynamic cycle of
the device and is a function of the wettability pattern, the interior-gap
distance, the working fluid charging ratio, and the heat load.

Fig. 8(a) displays the temperature rise of the best-performing vapor
chamber with a wettability-patterned condenser (WP-VC) at CR3 as
the heating input is raised in steps up to 202 W. As seen, when
the heating input increases, all temperatures rise in sync with small
differences, hinting to a small thermal resistance. A larger temperature-
rise slope is seen up to 86 W followed by a lower slope at each
intermittent step from 86 W to 202 W. At low heat fluxes, conduction
heat transfer through the wick and the liquid bulk, which imposes a
high thermal resistance, prevails and thin-film evaporation from the top
of the wick is initiated. By increasing the heat load, the liquid meniscus
recedes into the wick, and gradually the conduction thermal resistance
declines [57], channeling more heat to phase change and resulting
in slower temperature increase above the heat sources. Moreover,
similar temperatures on the condenser side point out to the temperature
uniformity and heat spreading capability of the current device. In this
case, the device removed 202 W without dry-out, while keeping the
MOSFETs below 105 ◦C. Fig. 8(b) shows the average temperature of
the MOSFETs for all cases in this study. For benchmarking purposes,
a copper plate with the exact dimensions of the VC was used to
gauge the VC’s performance. The copper plate reached 97◦C at 153 W
where the experiment was shut down to protect the MOSFETs from
overheating. The copper plate showed competitive performance at low
heat loads (86 W,∼ 27 W∕cm2). This was expected since conduction at
low heat loads and with a large surface area (50 cm2) could remove the
heat efficiently. However, as the heat flux increased, the discrepancy
between the copper plate and the VCs was magnified. The temperature
of the MOSFETs for the copper plate started exceeding those of the
vapor chamber with a hydrophobic condenser (HPB-VC) with CR2 and
CR3 at 103 W and 137 W, respectively. While the overall temperature
differences were small, the copper plate reached 7 ◦C above HPB-VC
with CR3 (90 ◦C) at 153 W. Compared to the WP-VC, the copper
plate shows higher MOSFET temperatures for heating power exceeding
53 W for all three CRs. This suggests that the WP-VC has good heat
dissipation capability even at lower heat fluxes. By increasing the heat
input, the copper plate at its maximum heat input (153 W), attained
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Fig. 8. (a) Raw thermocouple measurements vs. heating power over time for a WP-VC, and (b) temperature rise of the MOSFETs as heating input increases for all VCs and the
copper plate.
12 ◦C higher temperature compared to the WP-VC with CR3 (85 ◦C).
The lower top temperatures of the WP-VC compared to HPB-VC indicate
a strong correlation among evaporation, condensation, and circulation
processes in the closed chamber. In the present case, even though the
evaporator side was left unchanged, enhancing the condensation and
circulation via a WP-condenser enabled continuous and blockage-free
recirculation of the condensate through the vapor space across the
device. Following the shutdown criteria mentioned in Section 2.5, the
tests with WP-CR1 and WP-CR2 were carried out only up to 86 W and
121 W, respectively, to avert overheating failure of the MOSFETs.

Fig. 8(b) also shows the role of the charging ratio on each device’s
performance. The HPB-VC and WP-VC at the charging ratios tested
showed individually identical temperature changes, pointing to the
VC’s predictable and repeatable thermal performance. Due to having
a similar wick structure, the main difference between the HPB-VC and
WP-VC originates from the condensate nucleation and drainage rate in
addition to the return path of the condensate. The thermal resistance
of nucleation on the hydrophobic domains on both HPB and WP
condensers is identical. However, in the WP surface, the condensate re-
mains confined and cannot grow larger than 𝑟𝑚𝑎𝑥 = 0.5 mm. Besides, the
condensate drainage rate is also consistent for the entire DwC domains,
with the condensate returning to the wick from the specified low-
pressure well sites. Hence, the WP-VC maintains a lower temperature
at each charging ratio compared to the HPB-VC, a result of the uniform
and controlled condensation and return mechanism on the condenser,
which in turn, provides a uniform and continuous supply of working
liquid to the heated zones. The structured liquid circulation by the WP
condenser avoids random blockage caused by random condensation on
and around the heating areas, as opposed to the HPB-VC, where random
condensation and pooling on the condenser surface raises resistance to
the vapor passage by reducing the internal vapor space, which then
creates higher evaporation resistance at the evaporator [58,59], and in
turn, higher temperatures over the MOSFETs.

In a multi-phase closed system where evaporation, boiling, conden-
sation, and liquid transfer are taking place simultaneously, deciphering
the role of each phenomenon is a complicated task. However, one way
to demonstrate differences is by comparing the temperature on the
cooled side of the system (𝑇 𝑎𝑣𝑔

𝑐 ) at the same heater temperature (𝑇 𝑎𝑣𝑔
ℎ ).

Fig. 9(a) and 9(b) present the average condenser temperature (𝑇 𝑎𝑣𝑔
𝑐 )

as a function of heater temperature (𝑇 𝑎𝑣𝑔
ℎ ) at each heat input for both

VCs at CR2 and CR3 in addition to the copper plate. As seen, there
is a minimal 𝑇 𝑎𝑣𝑔

𝑐 difference between HPB-VC and WP-VC at any 𝑇 𝑎𝑣𝑔
ℎ

for both charging ratios. However, for both CR2 and CR3, at the same
𝑇 𝑎𝑣𝑔
ℎ , the HPB condenser shows a lower 𝑇 𝑎𝑣𝑔

𝑐 compared to the WP-
VC, which is consistent with having lower heat transfer rate than the
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WP condenser [46,52]. In other words, due to the WP condenser, the
WP-VC poses lower thermal resistance to the heat passage, therefore
reaching a lower temperature difference from the hot to the cooled side.
Nevertheless, due to the air-convection cooling method, the overall
high working temperature of the device has minimized the differences
between the two VC cases. Moreover, the copper plate for all cases
shows a lower average cooled side temperature at a similar average
MOSFET temperature. This is expected since conduction is the main
heat transfer mechanism, i.e. causing higher thermal resistance, as com-
pared to two-phase (convection) heat transfer [14]. To further compare
the performance of the VCs against the copper plate, Fig. 9(c) shows the
lateral (spatially) temperature distribution on the cooled side for four
heat inputs. As seen, the VCs maintain a high temperature uniformity
along the condenser. On the other hand, the copper plate shows overall
lower temperatures and an almost uniform temperature on the cooled
side at low heat inputs. However, when increasing the heat load, the
temperatures directly above the MOSFETs (𝑇 2

𝑐 and 𝑇 3
𝑐 ) increase more

and create a non-uniform temperature profile along the heat sink due to
the inefficiency of the pure conduction to spread the heat laterally, as
reported before [60]. As established in the literature [22,61–66], hav-
ing a low heat removal rate (i.e., natural convection vs. liquid cooling)
naturally creates a more uniform temperature profile on the condenser
side, albeit with a higher temperature for the same heat input. That
said, even though in this study a forced convection method was used
for removing the heat, having an aluminum plate without a finned
structure reduces the heat removal rate and as a result, the system
operates at a higher temperature, causing a more uniform temperature
on the condenser side. Furthermore, having two heat sources spaced
25 mm apart, with a relatively large surface area compared to the
VC’s heat dissipation area (3.1 cm2 vs. 50 cm2), enhances the heat
dissipation capacity and temperature uniformity along the heat sink
too. In contrast, the copper plate creates a non-uniform profile at higher
heat loads, highlighting the effectiveness of the VCs’ heat dissipation
capability.

Figs. 10(a) and 10(b) show the thermal resistance of HPB-VC and
WP-VC versus heat input, respectively. For clarity, each device is com-
pared to the copper plate separately. Both HPB-VC and WP-VC show the
typical characteristics of a vapor chamber where the thermal resistance
declines with rising heat load, as opposed to the copper plate whose
thermal resistance increases and reaches a plateau. Also, each VC with
lower CR shows a lower thermal resistance at the same heat load; when
the amount of working liquid increases in the device, conduction heat
transfer plays a greater role and hence, raises the thermal resistance of
the device. As the heat input increases further and the liquid meniscus
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Fig. 9. Average temperature of the condenser plate vs. MOSFET average temperature as heating input is increased for a solid copper plate and two VCs (HPB condenser, WP
condenser) with (a) CR2, and (b) CR3. Similar markers indicate the same heat input. (c) Temperatures 𝑇 1

𝐶 to 𝑇 4
𝐶 for VCs (Fig. 3) with a HPB condenser plate, a WP condenser

plate, and a solid copper plate (schematic at the bottom) for four heating inputs. The charge ratio for the two VCs was the same, CR3.
Fig. 10. Comparison of thermal resistance of VCs with (a) HPB condenser, and (b) WP condenser at different charging ratios and heat loads against a plain copper plate replacing
the VC.
retracts back into the wick, this effect is minimized. On the other hand,
having more working liquid delays the dry-out or critical heat flux,
enabling the device to handle higher heat loads. This trend is consistent
9

for both VCs, although the WP-VC overall has a lower average thermal
resistance at each charging ratio and the same heat input. At CR2,
the HPB-VC reaches dry-out at 103 W with a thermal resistance of
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0.025 ± 0.0065 K/W, while the WP-VC reaches 121 W with a thermal
resistance of 0.0049 ± 0.0061 K/W. The WP-VC can tolerate even
higher heat loads due to the wettability-patterned condenser’s role,
which can consistently return the working fluid to the wick structure
in an organized fashion. This is observed at CR3, where the HPB-VC
dries out at 170 W with a thermal resistance of 0.012 ± 0.005 K/W,
as opposed to the WP-VC, which reached 202 W without dry-out at
thermal resistance of 0.001 ± 0.009 K/W. At that point, the test was
terminated because the MOSFETs overshot the temperature threshold.
The very low thermal resistance shows the VCs’ greater thermal perfor-
mance, which is consistent with prior studies [22,60,65,67–69], where
natural or forced convection was the primary cooling technique. It is
known that a VC’s thermal resistance depends on several physical and
operational parameters, including the number and location of heating
spots, cooling method, VC orientation with respect to gravity, etc. In
the present study, besides the interior structure of the HPB-VC and WP-
VC, the low thermal resistance values originate from multiple factors,
such as the relatively large and adequately-spaced heating sources, the
cooling method (fan cooling, no fins), and the heat dissipation area
being about 94% of the VC’s entire footprint. The above factors act
in unison to dissipate heat efficiently, even when a solid copper plate
is used as the heat sink, achieving thermal resistances well below 0.1
K/W.

It is important to note that VC thermal resistance is sensitive to both
𝑇ℎ and 𝑇𝑐 . Examining the data of Fig. 9a and 9b, we observe that the
WP-VC with CR2 maintains slightly higher 𝑇𝑐 (by 1–2 degrees) at each
heat load compared to when the WP-VC is charged with CR3. Even this
slight temperature difference in 𝑇𝑐 greatly affects thermal resistance, as
seen in Fig. 10. More importantly, the WP-VC maintained the heaters
cooler by almost 5–12 degrees at each heat load compared to the HPB-
VC and the copper plate when 𝑄 exceeded 80 W. In other words, while
ifferences in performance may not be drastic, the advantages of the
P-VC over the HP-VC and the copper slab are clear and could be

urther improved with more optimization. Lastly, even though caution
as been taken in the current VC’s interior design -e.g. vapor chamber
hickness and wettability pattern dimensions — to ensure that the
unctional length scales remain below the capillary length of water (∼
2.7 mm), so that VC operation remain unaffected by gravitational forces,
further studies are required to examine the VC’s performance against
earth gravity or different gravitational forces (e.g., space applications).
Any VC performance differences could produce design guidelines when
a water chiller is used as the heat sink, the heat source area gets smaller
or the VC’s lateral dimensions get larger, the VC is placed at different
orientations with respect to gravity, etc.

4. Conclusion

In this study, a hybrid vapor chamber consisting of a wick-lined
evaporator and a wettability-engineered condenser was fabricated and
investigated. The vapor chamber was designed for cooling two high-
power MOSFETs operated in sync on a custom-made PCB. This VC is the
first apparatus to apply wettability patterning to manage more than one
heat source, simultaneously. A fan-cooling approach with a simple alu-
minum plate heat sink was chosen to provide a comprehensive image of
the VC’s performance under lower heat removal conditions. Two con-
denser types, hydrophobic (HPB) and wettability-patterned (WP), were
implemented in the VC and the thermal performances were compared
with that of a solid copper plate that replaced the VCs. For different
VC charging ratios tested, the devices showed consistent and repeatable
thermal performance. Larger charge ratios lead to higher critical heat
flux and lower thermal resistance. The WP-VC had an overall lower
thermal resistance compared to the HPB-VC at the same charge ratio
and heating load. A minimum thermal resistance < 0.01 K/W was
recorded across the WP-VC. The maximum heat load of 202 W among
all cases was tolerated by the WP-VC, while keeping the MOSFETs
below 105◦C. The low thermal resistance values, obtained from the
10
temperature gradient across the vapor chamber, were attributed to the
low heat removal rate (fan cooling) combined with the relatively low
VC-to-heater area ratio. Further tests with a liquid-cooled condenser
and a thinner device with lower heater-to-VC heat dissipation area
ratio could illuminate the performance differences and efficiency of the
current device for high-power electronics cooling applications.
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