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Thermal management in power electronics relies on active and passive cooling devices that use porous copper
structures. However, these critical components, such as sintered copper and copper inverse opals (CulOs),
degrade rapidly when exposed to working fluids like water and oxygen. This study investigates the thermal
reliability of CulO structures subjected to harsh boiling environments using pool-boiling tests. 10-30 pm-thick
porous CulO structures with a constant 5 pm pore diameter and neck openings of 0.6-1.4 pm are fabricated using
electrodeposition on silicon through a polystyrene-sintered template. Pool-boiling heat transfer is mainly per-
formed under a constant heat flux of ~115 W cm ™2 at a saturation temperature of 100 °C. As a result, severe
degradation of CulO structures occurs over 72 h. Therefore, A 50 nm-thick direct gold immersion coating is
considered as a mitigation strategy. The gold-coated CulO surface exhibits structural stability, maintaining a
stable temperature and heat transfer coefficient compared to pristine CulOs. Moreover, a reliability test in HFE-
7100 is also conducted for applications with lower heat flux and operating temperature requirements. Extensive
reliability tests on CulOs with and without an Au protective coating reveal no noticeable degradation over 11
days at 50% and 67% of critical heat flux. This study provides essential reliability data for failure modeling and
offers valuable insights into mitigation strategies and predictive tools for improving the reliability and life ex-
pectancy of CulOs.

1. Introduction

Gallium nitride (GaN)-based high-electron-mobility transistors
(HEMTs), which are promising to replace conventional silicon-based
semiconductors, have a local hot spot of 50 kW ¢cm ™2 or higher owing
to their ultrahigh-power switching frequency, high current density, and
superior stability at high temperatures. In the meanwhile, the local high
heat flux in GaN devices also induces excessive self-heating, resulting in
a drastic decrease in lifespan and degradation of the device performance
[1]. Thus, the evaluation of high-heat-flux thermal management is a
crucial step in the development of power electronics. In this respect, the
shift from conventional air or single-phase cooling to two-phase cooling
is inevitable because the use of latent heat improves thermal perfor-
mance while effectively addressing local hot spots [2,3]. Many studies
have aimed to increase the heat transfer rate during boiling by means of

surface modifications [4], such as micromachining [5,6], sintering
[7-9], chemical vapor deposition synthesis [10], electrochemical
deposition [11-13], micro-electro-mechanical fabrication [14-16],
chemical etching [17-19], laser processing [20,21], and additive
manufacturing [22]. In particular, copper inverse opals (CulOs) have
been intensively studied in microfluidics as a promising thermal man-
agement material due to their superior scalability [23], permeability
[24], and thermal conductivity [25]. However, These functional mate-
rials have been focused on their thermal performance enhancement, not
been explored the reliable performance. Since corrosion or structural
deformation of microstructures can weaken thermal performance over
time in harsh environments where boiling occurs at high temperatures,
reliability-based research should be conducted simultaneously [26].
Many studies have aimed to prevent such structural deformation
during boiling because it decreases device reliability. Lee et al. [27]
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investigated corrosion behavior in air at 700 °C and in a pool of boiling
water by coating 3-pm-thick zirconium silicide on a zircaloy-4 substrate
through magnetron sputter deposition. They obtained a 0.3-pm-thick
oxide layer on zirconium silicide, which exhibited good oxidation
resistance without affecting boiling heat transfer. Godinez et al. [28]
fabricated an intentional boehmite layer on an aluminum surface and
investigated its thermal stability in pool boiling. They found that its
wettability improved because the contact angle changed from 55° to 6°
owing to the nanostructure generated on the boehmite layer. The con-
tact angle did not change after boiling. In addition, sustainable boiling
performance was demonstrated in six repeated pool boiling tests,
thereby validating the thermal sustainability of their device. Moze [29]
fabricated a copper oxide layer by means of direct laser texturing on a
copper surface and conducted 11 iterative pool boiling tests over eight
days. Although they observed minimal degradation, the sample with the
coated copper oxide layer exhibited fairly stable boiling performance
compared to the reference copper surface. In addition to these antioxi-
dant coatings and surface treatments, working fluids that do not contain
oxygen and novel coating methods have been used to achieve sustain-
able boiling performance. However, only a few practical studies have
explored the reliability of long-term boiling operation on nano/micro-
structures owing to experimental difficulties and the associated high
costs [30,31]. For this reason, a fundamental understanding of the un-
derlying kinetics and mechanisms of boiling-induced thermal degrada-
tion is somewhat lacking.

In this study, we explore thermal degradation by subjecting a
conformal copper inverse opal surface to a long-term pool boiling heat
transfer test in DI water and HFE-7100. The temperature and heat
transfer coefficients of the surface are monitored continuously for 72 h
while maintaining a heat flux of g” =115 W cm™~2 which corresponds to
50% of critical heat flux (CHF) [13]. In addition, a thin gold layer is
coated on the outer surface of the CulO by using an electroless gold
plating solution to mitigate thermal degradation. Subsequently, the
reliability of the boiling performance of the gold-coated CulO is
compared with that of the pristine CulO. The two surfaces, before and
after boiling, are inspected visually by means of field emission scanning
electron microscopy (FE-SEM), and the detailed boiling-induced struc-
tural degradation mechanisms are investigated based on infrared ther-
mal images and high-speed imaging of dynamic bubbles. In addition, the
elemental compositions of these two surfaces are analyzed using diag-
nostic methods, such as X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD).
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2. Experimental section
2.1. Fabrication of CulOs and au-CulOs

To fabricate polycrystalline CulO surfaces, electrodeposition was
performed on a polystyrene (PS) template surface (Fig. 1) [32,33]. First,
a titanium/gold (Ti/Au, 10/50 nm) electrode was deposited on a silicon
wafer for copper electrodeposition. After that, a thin-film heater and a
resistance temperature detector (RTD) composed of Ti/Au (20/100 nm)
were deposited on a 0.5-pm-thick SiO, layer on the opposite side of
electrode. SiO, acted as an electrical insulator. Heater has the line width
of 0.3 mm and line-to-line spacing of 0.2 mm, which is suitable for the
power supply in this study. Next, a 1.25% wt./vol. a suspension con-
taining PS spheres (dps = 5 pm) in DI water was prepared, and 50 pL of
this suspension was dropped on the electrode. Then, the substrate
temperature was set to 60 °C to generate gentle convection inside the
droplet. The solvent evaporated, leaving a well-packed PS template that
was sedimented on the electrode through the self-assembly method. The
sample was then sintered at 105 °C for 80 min to ensure that the PS
spheres adhered to each other and the bonded interconnected area be-
tween neighboring spheres increased. It is noted that once the neigh-
boring area is removed, a void is fabricated and has also the fluid-
permeable characteristic. The void which is called to “neck” can be
variable by controlling the sintering time of PS spheres, and can be
characterized by the diameter of the neck (d,). By controlling the neck
size, thermal performance can be optimized between the permeability
and wicking as well as the compatibility of electroless plating. Before
electrodeposition, 5 pL of ethanol was dropped onto the sintered tem-
plate to facilitate effective wicking of the electrodeposition solution into
the template. Electrodeposition was performed with a potentiostat by
using an aqueous electrolyte solution composed of 0.5 M CuSO4 + 0.2 M
HS04. Copper was filled into the voids of the PS template in the three-
electrode cell comprising oxygen-free copper and an Ag/AgCl reference
electrode. Electrodeposition was continued for 150 min at a constant
current density of 5 mA cm 2 to obtain a uniform CulO structure with a
maximum thickness of 30 pm over a 1 cm x 1 cm area. The copper-
deposited PS spheres were then removed using tetrahydrofuran for at
least 24 h to obtain the CulO structure, which was cleaned with water,
ethanol, isopropyl alcohol, and acetone, and, subsequently, subjected to
O, plasma cleaning to remove any organic residue inside the CulOs. At
this point, the pores were created once the PS spheres were removed,
replacing the diameter of the PS with a pore size of CulO (dp) Finally, a
thin gold layer was plated on the CulO surface by immersing it in a
bright electroless gold-plating solution (Sigma-Aldrich 901,670). The
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Fig. 1. CulO sample preparation. Schematic illustration of fabrication flow for preparing CulO structure with sacrificial template sedimentation. A 1.25%wt./vol.
Suspension of 5 pm diameter monodispersed polystyrene spheres in water was used to prepare a sacrificial template. Then, the template was sintered at 105 °C for 80
min to increase the bonded neck area between neighboring spheres. Subsequently, copper was electrodeposited on a titanium/gold electrode (20/100 nm) on Si.
Following copper electrodeposition, the PS template was removed using tetrahydrofuran organic solvent. After cleansing with DI water, electroless gold plating was

done at 60 °C for 5 min to get a thickness of 50 nm.
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solution was maintained at 60 °C on a hot plate, and the dipping process
was conducted for approximately 5 min to form a ~ 50-nm-thick layer.
After plating, the gold-plated CulO samples were cleaned with water to
obtain the final test sample. The geometrical information was obtained
by measuring via SEM images. For each case, two identical samples were
prepared to compare the morphologies of CulO before and after boiling.
A detailed test matrix and information of working are summarized in
Table 1 and Table 2, respectively.

2.2. Pool boiling setup and test procedure

We assessed the thermal reliability of the CulO and Au-CulO surfaces
by using a pool-boiling apparatus. The pool boiling chamber was made
of aluminum, and the inner volume was 18 L (300 x 210 x 290 mm3),
which occupied a relatively large pool compared to the sample size (40
x 25 x 0.5 mm?>). Therefore, it was expected that there would not be
corrosion on the CulO surface by the galvanic reaction. Moreover, there
could be little mechanical damage to the CulO surface due to aluminum
byproducts caused by galvanic corrosion. Two 500-W immersion heaters
were installed in the chamber to deaerate any non-condensable gases
retained in the working fluid since non-condensable gases dissolved in
DI water or HFE-7100 could affect the boiling performance due to the
partial nucleate boiling and bring inconsistent results at low heat flux,
[34,35]. During the test, a condensation coil connected to an external
chiller (JeioTech Co., HH20) was placed on top of the chamber to
condense any vapor into liquid. The formation of dynamic bubbles was
recorded using a high-speed camera (Photron FastCAM Mini UX100),
and the temperature of the heating surface was recorded using an
infrared (IR) camera (FLIR A655sc). LabVIEW code was used to acquire
the current and voltage data applied to the thin-film heater through the
shunt resistor (0.1 Q) and voltage divider (3 kQ / 47 kQ) in the NI
Compact DAQ modular data-collection system (NI 9220). An RTD
located in the center of the heater was utilized to calibrate the IR tem-
perature. For the calibration, RTD calibration was first carefully con-
ducted using the four-wire measurement in a multimeter (Keithley
2000) with a precise type-K thermocouple in a vacuum oven. Then the
IR temperature was matched with the temperature read in RTD by
changing the emissivity. It was noted that the heater surface was coated
before the test with a black paint which gave a high emissivity of € =
0.93 [21]. It helped to get a stable temperature measurement through
the IR camera.

Before conducting the thermal reliability test, DI water or HFE-7100
was poured into the chamber and vigorously boiled for 30 min by using
the immersion heaters to degas it. The interior of the chamber was then
maintained in a nearly saturated state at atmospheric pressure, sup-
ported by the condensing coil connected with the chiller. Power was
supplied to the thin-film heater through a DC power supply (HP 6030A).
A continuous heat flux of 115 W cm ™2, amounting to ~50% of the CHF
on the CulO surface with pore size of d,, = 5 pm [13], was applied in this
experiment. The heat flux was monitored continuously at intervals of 5
s, and IR images and high-speed images were recorded for 1 min every
12 h in order to reduce the storage size of the images. The heater

Table 1

| Summary of test samples of CulO and boiling test conditions.
Index Working Structure Surface 10 dy/ q’/

fluid coating thickness d, qQ cHF
1 10 pm 0.12 0.51
2 Culo - 25 m 0.29  0.51
3 DI water At (tag = 30 pm 0.12 0.49
4 Avculo  f o 50 um 0g 050
5 . ' 0.79
6 10 pm 023 050
CulO -
7 HFE-7100 Au 9 pm 0.26 0.66
-Au =

8 Au-CulO 200 nm) 12 pm 0.22 0.50
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Table 2
| Thermophysical properties of DI water and HFE-7100.
DI water HFE-7100

Manufacturer Arioso Power + 70 3 M™
Saturated temperature at 1 bar [°C] 100 61
Liquid density [kg/m>] 958.4 1372.7
Liquid dynamic viscosity [kg/m-s] 2.8 x107* 3.6 x 1074
Liquid thermal conductivity [W/m-K] 0.67 0.062
Surface tension [N/m] 0.012 0.059

temperature determined by means of IR thermometry and the heat input
from the power source were accurate to within +2% and +0.3 W,
respectively. In addition, the logged current and voltage indicated errors
of +0.1% and +1%, respectively, which were attributed to the resistors
in the voltage divider. The accumulated uncertainty in the HTC was
+2.2% in our study [36].

3. Results and discussion
3.1. Boiling-induced degradation in copper inverse opal structure

We demonstrated boiling-induced degradation under pool boiling by
using high-purity deionized (DI) water as the working fluid (Fig. 2). A
constant heat input of q” = 115 W em 2 (~50% of CHF [13]) was
applied to a thin-film Ti/Au heater fabricated on the opposite side of the
CulO sample. Two different CulO thicknesses tcyjo = 10 pm and 25 pm
were tested to better understand the kinetics and mechanisms of thermal
degradation over a 72-h long-term boiling test. 72-h boiling time for all
test samples was chosen in line with the total degradation time on the 10
pm CulO. The experimental results in Fig. 3 highlight the temporal
variations in the base temperature and the corresponding heat transfer
coefficients (HTCs) of the two CulO structures with thicknesses of 10 pm
and 25 pm. The base temperature of the CulO surface (Tcyo) was
determined using the area-averaged IR thermal images of the heated
surface captured every 12-h intervals by assuming the 1-D conduction
temperature drop through the silicon substrate. The base temperature
increased gradually over the entire CulO surface during the first 24 h
and then a partial area with elevated temperature was observed near the
edge of the CulO, which is where the deterioration was seeded. During
this time, the surface temperature marginally increased from Tcy0 =
114.9 °C to 117.1 °C for the 10 pm-thick CulO sample and T¢yo =
120.6 °C to 121.5 °C for the 25 pm-thick CulO sample. So the temper-
ature of both samples increased rapidly and crossed at T¢yi0 = 129 °C.
This sharp temperature increase was caused by the thermal degradation
of CulO at the edge, and propagation of this degradation to the central
region of CulO was responsible for the substantial temperature increase,
as shown in Fig. 3¢, d. A visual examination of the test surface indicated
that the CulO remnants had turned black owing to the oxidation of
copper (two insets to the right in Fig. 3). Fig. 3b shows the variation in
the HTC, which was calculated using the base temperature, saturation
temperature, and heat flux.

1 q
HIC = ——=7———
R TCulO - Tmt

conv

@

During the first 24 h, water gradually started to enter the porous
medium, and the water turned the outer surface of CulO into copper
oxide over the entire region. Thus, a slight temperature rise reduced the
overall HTC from HTC = 78.4 to 68.5 kW m 2K ! and 55.8 to 53.5 kW
m~2 K for the 10- and 25-pm-thick samples, respectively. Thereafter,
the HTC started to decrease at a considerably quicker rate as the tem-
perature increased sharply near the edges of the functional structure of
the CulO samples. Finally, the HTC was 39.3 kW m~2 K}, which meant
the HTCs of the 10- and 25-pm-thick samples decreased by 48% and
28%, respectively, compared to their original values.

The thermal degradation of the samples was confirmed visually
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Fig. 2. Methodology of boiling experiments. (a) Schematic of pool-boiling apparatus. (b) Photograph of the docked CulO module inside the pool-boiling chamber. (c)
Thin-film heater with RTD aligned with the CulO surface. The scale bars within the insert and figure indicate 10 mm each.

through an optical inspection of the pristine CulO and the 3-day pool-
boiled CulO samples, as shown in Fig. 4. Notably, we compared the
CulO samples immersed below to the saturation temperature of water
(~95 °C) for 3 days to characterize the thermal-chemical-induced
corrosion of copper by DI water by eliminating the contribution of
erosion-assisted corrosion resulting from bubble formation and
ebullition.

Surface oxidation was observed in the CulO structures immersed in
high-temperature water, and their roughness increased marginally, but
most IO structures persisted stably during the 3-day immersion test
(Fig. 4c). However, substantial structural degradation was observed in
both the 10- and 25-pm-thick samples after the 3-day boiling test. In the
10-pm-thick CulO sample, most functional structures disintegrated
entirely from the substrate, and only a small fraction of I0-like struc-
tures survived, but these structures were completely oxidized and
mostly turned into wet-etched nanostructures, as shown in Fig. 4d-g
[37]. However, in the 25 pm-thick CulO sample, the CulO morphology
in the central region was almost retained with the substantial surface
oxidation (see the insert of Fig. 4i) whereas significant structural
destruction occurred near the edges similar to that in the 10-pm-thick
CulO. This was because the liquid feed from the edge side (region B) of
the heated area caused severe erosion assisted by repeated bubble
ebullition cycles, which induced structural degradation of the CulO
(Fig. 4 k, 1). However, relatively less erosion was observed in the central
CulO region (region A) because the large bubble in the center prevented
additional liquid replenishment from the surface-bubble interface and
persisted with the CulO even after oxidation, as shown in Fig. 4i, j.
Therefore, the velocity of the liquid decreased gradually toward the
center during liquid replenishment due to the residence of a large vapor
bubble at the center.

3.2. Thermal degradation mechanism of copper inverse opal structure

Based on the long-term boiling results and the appearance of
degradation on the two CulO surfaces, we propose a continuous-boiling-
induced thermal degradation mechanism for CulO structures. CulO has a
higher mechanical modulus (Fig. S1) compared to the pressure of the
bubble (Fig. S2), which cannot solely deteriorate the functional struc-
ture. It is rather that oxygen-enriched environments such as water,
especially at high temperatures, oxidize most metal surfaces and cause

loss of material owing to various factors such as liquid flow, bubble
implosion, and particle impingement [38]. Similarly, thermal degrada-
tion and the sequential temperature rise in the CulO structure are
induced by the combination of chemical corrosion and physical erosion.
The initial CulO exposes a pure copper surface and dissipates uniform
heat flux, keeping its original structure through an overall surface area
(Fig. 5a). In this state, a large bubble column is generated, and most
liquid is replenished from the edge side as shown in Fig. 5e and i. Then it
accelerates the generation of a copper oxide film on the surface owing to
the poor chemical compatibility between water and copper in the entire
area, as shown in Fig. 5b. Notably, electroplated copper itself easily
allows for increased hydrogen and oxygen diffusion to the surface above
a certain temperature than oxygen-free copper, resulting in the forma-
tion of copper oxide on the copper surface [39,40]. Moreover, even
though the DI water is degassed well, and there is no hydrogen, the
oxygen might remain with tens of ppb, and that amount of oxygen is
enough to oxide the copper and make the oxidized copper grain [41].
This thin copper oxide layer may induce a slight increase in surface
temperature because of reduced thermal conductivity and facilitates the
exfoliation of oxide film from the copper surface (Fig. 5f and j). This
surface deformation then causes deterioration of the CulO through
repeated bubble ebullition during vapor escape and liquid replenish-
ment at the edge of the CulO, which mechanically erodes the surface
under the action of the shear force due to liquid flow over the functional
surface (Fig. 5¢). Meanwhile, blockage of the IO structure by oxidized
contaminants broken off from the edge increases the surface tempera-
ture because the movement of fluids inside the CulO is impeded. In
addition, the isolated edge-side CulO, which is mechanically vulnerable
to erosion, exacerbates the degradation because the freestanding CulO
does not have a neighboring CulO structure that it can mechanically
seize, and it is easily peeled off by the liquid flow and the increased wall
shear stress as shown Fig. 5 g and k [42]. Once such degradation occurs,
the degraded region acts as a seed that serves to accelerate and propa-
gate the degradation of the entire IO structure from the edge to the
central region. Moreover, this erosion-corrosion eventually destroys the
10 structure by gradually thinning the copper under repeated boiling.
Therefore, the reduced effective heat transfer area and poorer thermal
conductivity of the oxide covering impair the boiling performance of the
CulO (Fig. 5d). It is likely that the thermally deteriorated CulO consid-
erably decreases the thermal performance of the surface because active
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Fig. 3. Temporal boiling-induced thermal degradation of CulO samples. (a) The average base temperatures of the two CulO structures with tcyio = 10 pm and 25 pm,
and (b) corresponding overall heat transfer coefficient (HTC) over 72 h. Thermal degradation intensified after the first 24 h, and at the end of the 72-h test period, the
thermal performances of the CulO samples with tcyo = 10 pm and 25 pm decreased by 48% and 28%, respectively. Variation in temperature map from infrared
visualization images of the heated area over 3 days for (c) tcyo = 10 pm and (d) tcyo = 25 pm. Substantial thermal degradation commenced near the edges after the
first 24 h and then migrated toward to center region. The scale bars within the insert and figure indicate 5 mm each.

boiling heat transfer is restricted, and the thermal conductivity of copper
oxide is poorer than that of the pristine CulO (Fig. 5 h and 1). Thus, we
propose the use of a few candidate materials that can mitigate the
thermal degradation of CulO while maintaining feasible thermal per-
formance by preserving the IO structure in a thermally harsh
environment.

3.3. Electroless gold plating for mitigating thermal degradation

Here, we first plan to investigate the effect of delaying the deterio-
ration of the CulO by controlling the corrosion-protective layer on the
functional structure, such as a thin non-oxidized metal plating. To
mitigate boiling-induced degradation, a layer of gold is coated on the
CulO. Notably, gold is recognized as a noble metal with excellent
oxidation resistance, and a thin gold coating on the CulO is selected as a
facile method to mitigate thermal degradation. To easily and uniformly
plate gold on the CulO (Fig. 6a, b), we select the electroless direct im-
mersion gold (DIG) plating process (Fig. 6¢, d). DIG has been studied as
an effective alternative to the Ni/Au system for electrode surface finishes
because it is a non-corrosive, uniform, and presumably pore-free depo-
sition technique that has the potential to increase reliability [43].
Hence, we plate gold on the CulO surface and characterize its thickness
and deposition time, as shown in Fig. S3a. At a constant solution tem-
perature of 50 °C, the thickness of the gold layer increases from 60 to 80

nm, and the corresponding plating time is 5-20 min. Based on these
results, an immersion test in 95 °C water is conducted to confirm the
occurrence of corrosion on the plated gold surface. The SEM images
obtained after immersing the gold-plated CulOs in hot water for 9 days
clearly show that unlike CulO which is damaged due to oxidation
(Fig. S3b), blockage of direct contact with water owing to the conformal
gold plating prevents the oxide layer on the overall CulO surface
(Fig. S3c). In other words, the DIG process effectively covers the CulO
surface and prevents water from coming into contact with the copper
surface. In this manner, by mitigating copper corrosion, deterioration of
the IO structure can be delayed compared to that in the case of the
pristine CulOs (Fig. 4c).

Depending on the absence/presence of a gold layer on the CulO, we
comparatively depict the local temperature along the center line of the
heater on the CulO and Au-CulO samples in Fig. 7a and b, respectively.
Even if the pore-to-neck size ratio differs, the effect of gold coating on
the CulO samples can be adequate to comprehend the mitigation of
thermal deterioration on the IO structure. In CulO, the uniform heater
temperature across the local center position is replaced by varying
thermal gradients. As indicated in Fig. 7a, the deteriorated CulO area
grows by ~80% along the edge, where heat deterioration is exacerbated,
and the local temperature increases by 9.4-18 °C. On the other side,
local temperature changes are rarely observed on the Au-CulO sample
under a heat flux of ¢ = 115 W cm 2 (equivalent to 50% of CHF) as
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Fig. 4. Optical inspection of thermal degradation in CulO. (a-b) Representative SEM images of randomly packed pristine CulO samples with a pore diameter d,, of
~5 pm and thickness tcyo of 10 pm. (¢) CulO structure immersed in high-temperature water (~95 °C) for 3 days. The CulO surfaces were oxidized slightly after
immersion in saturated water without boiling for 3 days, but most of the inverse opal structures were retained. (d-g) Optical and SEM images of a 10-pm-thick CulO
sample after 3-day boiling test. During the boiling test, most functional structures disintegrated from the substrate, and the remaining inverse opal structures were
completely oxidized, revealing the appearance of sharp nanostructures. (h-1) Optical and SEM images of a 25-pm-thick CulO sample after 3-day boiling test. The
inverse opal structures persisted in the central region (region A), while deteriorated inverse opal structures were observed near the edges (region B).

shown in Fig. 7b. These results demonstrate that electroless gold plating
on CulO samples affects their contact with water, thereby affording
protection against both corrosion and boiling-induced erosion.

By using the reliability results of the gold-plated CulO samples with a
small neck opening of d,,/d, = 0.12, we further assess the reliability of
the Au-CulO samples with a large neck opening of d,/d, = 0.30 at q” =
114 Wem 2 and 179 W ecm ™2 (equivalent to 50% and 80% critical heat
flux, respectively). Fig. 7c shows the temperature variations of the Au-
CulO samples with two different neck openings over a boiling time of
72 h. The base temperature of the Au-CulO sample with the enlarged
neck opening of d,/d;, = 0.30 is 2 °C lower than that of the sample with

the small neck opening of d,/d, = 0.12, which is attributed to the
improved permeability of vapor escape from the porous medium and
enhanced liquid replenishment [24]. Moreover, the temperature varia-
tion of the Au-CulO sample with the large neck indicates a stable tem-
perature difference smaller than 1.5 °C over the 3 days, which is similar
to the result obtained for the Au-CulO sample with the small neck-
opening under the same heat flux of 50% CHF. In spite of the superior
oxidation shielding on the Au-CulO samples under a mild heat flux, as
the heat flux increases to 80% CHF, the velocity of water replenishment
from the edge side increases, and erosion is accelerated; consequently,
the gold layer is peeled off. This induces thermal deterioration of the Au-
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Fig. 5. Mechanism of thermal degradation in CulO. (a—d) Inspection of sequential IR temperature map at a constant heat flux of q¢” = 115 W cm™2 over 3 days.
Thermal degradation in CulO started to develop near the edge of CulO, resulting in a temperature rise. (e-h) High-speed optical images corresponding to the
temperature maps in a-d. (i-1) Sequential illustration of thermal degradation of CulO in DI water. Copper oxide layers generated during boiling are prone to sep-
aration from pure copper, and the liquid supply at the edge of CulO causes physical destruction. The scale bars within the figures indicate 5 mm each.

CulO (dp =5 um)

Au-CulO (dp, =5 pm)

Fig. 6. CulO and Au-CulO samples. Scanning electron microscopic images of (a-b) CulO sample with a pore size d;, of 5 pm and thickness tcyo of 10 pm; (c-d) Au-
CulO sample with a pore size d, of 5 pm, CulO thickness tcuo of 10 pm, and a gold coating layer thickness tgoq of 55 nm.
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Fig. 7. Temporal reliability behavior on Au-CulO at 50% and 80% of critical heat flux. (a) Increase in local temperature of 25-pm-thick CulO (Sample 2) over three
days as the baseline. Temperature difference AT = 9.4-18 °C in the edge region of degraded CulO. (b) Variation of local temperature in electroless gold-plated CulO
(Sample 3) over 3 days. The electroless gold-plated CulO avoided thermal degradation by blocking contact between oxygen and copper surface, and its temperature
did not vary. (c) Averaged CulO temperature changes and (d) HTC variations of 30-pm-thick Au-CulO after increasing the neck diameter (orange color) and heat flux
(red color). Moderate boiling at 50% CHF did not physically peel off the gold layer from the CulO. However, interfacial Au—Cu bonding was broken because of
extreme boiling at 80% CHF, which led to thermal degradation of Au-CulOs after 3-day boiling. Sequential temperature map of Au-CulO at the heat fluxes of (e) 50%
CHF (Sample 4) and (f) 80% CHF (Sample 5) over 3 days, as obtained using an IR camera.

CulO near the CHF, resulting in an increase of 4 °C in the base tem-
perature relative to the original condition. Additionally, as the base
temperature of the Au-CulO samples increases, the HTC decreases, as
shown in Fig. 7d. The gold film starts to erode under the impact of high
heat flux, and the thermal deterioration caused by severe erosion lowers
the HTC to 13%, which is comparable to the result of the CulO samples.
Fig. 7e presents a heater temperature map of Au-CulOs with d,/d, = 0.3
obtained using an IR camera; this map reveals that the temperature
fluctuates by as much as 1 °C at 50% CHF over the 3-day test period,

indicating reliable thermal performance. However, while the deterio-
ration of the Au-CulO sample at 80% CHF starts at the edge, which is
similar to that in the case of the CulO sample, it eventually results in
nonuniform temperature over the entire heated surface and a temper-
ature rise of more than 4 °C, as shown in Fig. 7 f. It was shown that the
gold layer would not endure the eroded force and peeled off from the
copper surface in the 30% more severe boiling environment. Due to the
complex structure of the inverse opals, the gold cannot cover the copper
well, especially forming pinholes, so it can cause the pit and generate the
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local corrosion of copper. The relevant SEM images obtained after the
72-h reliability test under the heat flux of 80% CHF indicate that the
gold layer inhibits degradation and preserves the majority of the IO
structures in contrast to the CulO sample, as depicted in Fig. 8b, c.
However, the edge sides of the Au-CulO sample are degraded under the
high heat flux owing to significant bubble-induced erosion and
corrosion-assistive erosion (Fig. 8d-g). Even though the Au-CulO sam-
ples exhibit thermal instability and degradation closing to the CHF,
further research should be conducted to obtain robust thermal perfor-
mance results for CulOs by enhancing adhesion through a combination
of electroless plating and conformal coating by means of atomic layer
deposition.

3.4. Minimizing surface corrosion with dielectric fluid

The use of dielectric fluids is a favorable option for effective im-
mersion cooling since these fluids have low boiling points and can
ensure that the die temperatures are within their desired range of
60-120 °C. In addition, despite their drawbacks such as poor thermo-
physical properties, dissolvability of other materials, and high air solu-
bility, they are able to mitigate electrical hazards in situations involving
direct contact. Moreover, dielectric fluids can be extremely beneficial
and are used extensively owing to their non-oxidizing chemical prop-
erties and reliable performance on engineered surfaces. Generally, a
copper oxide layer is formed in boiling DI water owing to its reaction
with water in the external environment and the simultaneous diffusion
of oxygen and hydrogen from copper. The oxide film can be peeled off
easily from the original copper, resulting in structural loss and degra-
dation of thermal performance. Herein, we substitute DI water with the
dielectric fluid HFE-7100 to minimize the reaction with moisture and
prevent the formation of copper hydroxide.

By following the protocols of the CulO reliability tests conducted
using DI water, an immersion test was performed in nearly saturated
HFE-7100 (Tf ~ 56 °C) before long-term boiling heat transfer. To this
end, CulO samples having a thickness of 15 pm and d,/d, of 0.3 were
immersed in dielectric fluid for 3, 6, and 9 days. The SEM results of the
CulOs and Au-CulOs surfaces after 3-9 days of immersion in HFE-7100
are presented in Fig. S4. Interestingly, no traces of oxidation were
detected on the CulO and Au-CulO surfaces. Given the absence of
oxidation on the CulO surface after 9 days of immersion, we concluded
that any thermal deterioration during boiling in HFE-7100 was mostly
driven by the erosion effect due to liquid replenishment. Therefore, we
were able to eliminate other degradation factors and consider only
erosion-based degradation in boiling HFE-7100.

We mainly investigated the effect of heat flux and gold coating.
Based on the boiling curve of CulO in HFE-7100 (Fig. S5), 50% (q“ = 12
W cm2) and 66 % (@=16W cm2) CHF were applied to the CulO

After boiling on Au-ClOs
(q''= 80 % of CHF)

¥
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surface to explore the effect of mechanical erosion. For Au-CulOs, 50%
CHF was applied to facilitate comparison with the baseline of the CulO.
Fig. 9a depicts the reliability results obtained over 11 days on each
surface. The temperature fluctuated by up to 2 °C during the 11-day
period on both the CulO and Au-CulO samples according to environ-
mental sensitivity, but the two surfaces exhibited temperature stability
and maintained base temperatures of 66-67 °C. Moreover, the CulO
samples subjected to the higher heat flux of 16 W cm™2 maintained the
base temperatures of 67-68 °C over 11 days, as shown in Fig. 9b. Boiling
in HFE-7100 interfered with the formation of copper oxide by blocking
contact with oxygen or water, thereby minimizing thermal degradation
on CulO. Moreover, the surface tension of HFE-7100 is five times lower
than that of DI water, which helped to weaken the tensile force to the top
surface of CulO. These factors weakened the erosion effect and helped to
preserve the CulO structure, thereby resulting in good reliability in HFE-
7100. From the SEM images obtained after 11-day boiling, we were able
to confirm that all the IO structures on the three surfaces were preserved
unchanged, and thermal degradation can be prevented by replacing
water as the working fluid with a dielectric liquid (Fig. 9c-h).

3.5. Determination of surface characteristics by XPS and XRD

Diagnostic techniques, namely XPS and XRD, were used to analyze
the surface composition of the CulO and Au-CulO samples before and
after boiling using DI water. The elemental compositions of the pristine
CulO and Au-CulO surfaces were compared by means of XPS analysis, as
shown in Fig. 10a-c. The 2p; 2 and 2ps,, peaks of Cu (at binding energies
of 932.8 eV and 952.7 eV, respectively) and the 3p peak of Cu (at the
binding energy of 76.1 eV) appeared in the case of the pristine CulO.
Moreover, Cu 2p occupied 31.9% of the atomic ratio according to the
peak analysis results. However, Cu 2p peaks were hardly noticed even
after vigorous long-term boiling, as shown in Fig. 10b. By contrast, the O
1 s peak at the binding energy of 531.3 eV, which accounted for 71.3% of
the atomic ratio, was strongly activated owing to oxidation. The silicon
bottom was exposed as the IO structure broke down, and the Si 2p and Si
2 s peaks appeared at the binding energies of 102.9 eV and 154.1 eV,
respectively. In the case of Au-CulO, the O 1 s peak was not strongly
activated after boiling because there was no bonding with oxygen on the
gold surface (Fig. 10c). The Au 4ds,; and Au 4d3,» peaks at the binding
energies of 335.8 eV and 353.5 eV, respectively, and the Au 4f; 5 and Au
4fs,» peaks at the binding energies of 83.6 eV and 87.2 eV appeared
strongly, proving the stability of the structure due to gold plating and its
resistance to thermal degradation. The XRD patterns of the pristine CulO
and Au-CulO samples were analyzed after boiling (Fig. 10d). The XRD
traces of both samples revealed simultaneous peaks of silicon at the
diffraction angles of 69.2° and 69.4°. The most significant difference
between the two surfaces was consistent with that indicated by the XPS

Fig. 8. Local SEM images of Au-CulO sample after 3-day boiling at 80% of critical heat flux (CHF). (a) Au-CIO surface and SEM images of (b), (c) center, (d), (e)
interfacial line, and (f), (g) edge after 72-h boiling at 80% CHF (q” ~ 180 W cm ).
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Fig. 9. Reliability of CulOs in HFE-7100. (a) Base temperature variations of CulO and Au-CulO surfaces under certain heat fluxes over a long period of 11 days. Base
temperature oscillated within the error bar on these three surfaces, but the temperature remained almost constant over the 11 days. (b) IR images of CulO surface
under 12 W em ™2 (50% CHF) and 16 W ¢cm ™2 (67% CHF) during 11-day boiling. Representative SEM images of (c, d) CulO at q“ =12 W cm ™2 (50 % CHF) (e, f) CulO
atqQ’ =16 W cm ™2 (68% CHF), and (g, h) Au-CulO at " =12 W cm 2 (50% CHF) after 11-day boiling in HFE-7100.

results, and the IO structure was clearly not deformed because of the
gold layer. The Au-CulO surface presented a strong gold peak at the
diffraction angles of 38.3° and 40.4°, and the copper layer protected by
the gold layer could be seen at the diffraction angles of 50.5° and 74.2°.
This demonstrates that by means of simple metal plating, it is possible to
maintain the thermal performance of microstructures that are easily
oxidized in thermally harsh environments.

4. Conclusions

In summary, a long-term pool boiling test was conducted on a porous
copper surface with DI water as the working fluid to explore boiling-
induced thermal degradation. Two porous surfaces, namely 10- and
25-pm-thick CulO surfaces, were subjected to a continuous heat flux of
50% CHF (~115 W cm2) for 72 h, and the temporal base temperature
and HTC were examined using an IR camera. During boiling, continuous
oxidation and erosion occurred on the two pristine CulO surfaces, and
severe degradation was observed after 72 h. Consequently, the base
temperature increased by 9-14 °C, and the HTC decreased by 28-48%.
The main reasons for thermal degradation in boiling are as follows: 1)
chemical corrosion of the copper oxide layer and 2) physical erosion by

10

liquid supply on the porous surface. To mitigate this thermal degrada-
tion, a corrosion-resistant Au layer that has superior thermal reliability
was coated on the porous copper surfaces by means of the direct im-
mersion gold plating method. Compared to the pristine CulO, the boiling
temperature of the Au-CulO was maintained at Tcyp = 120-121 °C
continuously, and as a result, the thermal reliability of the sample was
secured because of the corrosion-protection layer. The structural
deformation and surface degradation of the I0s were observed using
SEM images, as well as the XRD and XPS results, before and after the 72-
h boiling test. The Au-CulO samples were well protected against
oxidation and underwent marginal surface deformation under the
moderate heat flux of 115 W cm™2. However, the gold layer was
delaminated from the copper surface owing to severe erosion under the
higher heat flux of 180 W cm ™2, which led to thermal degradation and
reduced thermal performance by 13%. As an alternative to retard this
thermal degradation, HFE-7100, which has no oxygen component, was
used as the working fluid. Under the same heat flux ratio of 50% CHF
over the 11-day term, the CulO and Au-CulO surfaces were not
remarkably affected by corrosion or liquid supply, resulting in the
conservation of the pristine porous surfaces and maintenance of surface
temperature. The findings of this study will be utilized to increase the
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Fig. 10. Surface characteristics of CulO and Au-CulO as determined using XPS and XRD. XPS results of CulO surface (Sample 1, tcyio = 10 pm) (a) before boiling and
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reliability of micro/nanostructures used for cooling electronics and
sustain the performance of electronic equipment by concurrently
ensuring continuous thermal performance.
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