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Silicon carbide (SiC), which has a wide bandgap and superior material properties, offers higher efficiency than
conventional silicon in high-power and high-frequency semiconductor applications. In this study, the thermal
management of SiC devices was explored through direct liquid cooling with laser-structured heat sinks. Pyramid-
structured fin arrays were fabricated directly onto SiC substrates via laser structuring, and their boiling heat
transfer performance was investigated through pool boiling experiments in a 5 °C subcooled condition. Laser
structuring not only enhanced wettability due to oxidation but also facilitated nucleation through the laser-
induced crevices. The oxidized surface created by the laser exhibited increased hydrophilicity, with a signifi-
cant decrease in contact angle from 57° to 0°. In the pool boiling experiments, these crevices played a crucial role
in enhancing the heat-transfer coefficient (HTC) at low heat fluxes (5-40 W/cm?), which promoted nucleation,
resulting in the formation of very small and rapid bubbles. At heat fluxes above 180 W/cm?, the large surface
area provided by the height of the fin structures further contributed to enhancing the HTC. The sample with the
highest performance enhancement exhibited an 114 % increase in critical heat flux and a remarkable 393 %
increase in the HTC compared to before laser structuring.

1. Introduction

Gallium nitride (GaN) high-electron-mobility transistors (HEMTs)
are promising devices in high-power communications and radar tech-
nologies because of their high power-switching efficiency and strong
current-handling capabilities [1,2]. However, they encounter significant
self-heating issues as operating power increases, which can degrade
their performance reliability and efficiency. Hence, thermal manage-
ment is required to maintain low operating temperatures [3,4]. Silicon
carbide (SiC) is a semiconductor material known for its high thermal
conductivity, and it is used to dissipate heat in GaN HEMT devices
fabricated in a GaN-on-SiC configuration. An efficient approach that has
been proposed for thermal management is direct liquid cooling on the
surfaces of device substrates [5]. This approach has prompted recent
research into developing heat sinks and cooling techniques for SiC to
achieve enhanced cooling performance [6,7].

Boiling heat transfer involves the phase change of the working fluid,
and the resulting large latent heat can be exploited for device cooling.
Two critical parameters represent the performance of boiling heat

transfer: critical heat flux (CHF) and heat-transfer coefficient (HTC).
CHF indicates the maximum heat flux at which nucleate boiling occurs.
If the heat flux surpasses the CHF, the wall temperature will increase
dramatically, causing a transition from nucleate boiling to film boiling.
Such high temperatures can immediately destroy or potentially damage
the device. HTC is obtained by dividing the heat flux by the superheat
temperature. A high HTC enables large heat release at a low wall su-
perheat. In pool boiling, where heat transfer due to latent heat during
phase change is predominant, the HTC increases as additional bubbles
are generated. A system with a high CHF and HTC can maintain nucleate
boiling over a wide range of heat fluxes, efficiently releasing heat at
relatively low superheat. Therefore, enhancing these two parameters is
crucial for improving the cooling performance in pool boiling [8].
Various surface texturing methods have been used to enhance the
pool boiling performance of SiC surfaces. Micromachining using com-
puter numerical control is suitable for surface texturing because of its
precision and repeatability [9-11]. However, micromachining on SiC,
which exhibits high hardness and brittleness, may result in the forma-
tion of microcracks and prolonged processing time [12-14].
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Furthermore, tool wear during the machining process can increase
production costs and decrease overall efficiency [15,16]. Reactive-ion
etching (RIE) or chemical etching is suitable for machining brittle ma-
terials. Unlike the abovementioned micromachining processes, RIE does
not subject the material to high pressure during the machining process,
minimizing the risk of fine cracks. It also enables the production of
intricate patterns and micromachining through mask utilization [17].
However, the etching process is intricate and time-consuming. It in-
volves several steps: applying a photoresist, using a photomask and
photolithography equipment to engrave patterns, performing the actual
etching process, and removing the photoresist. Owing to its complexity,
the process is susceptible to dust contamination, necessitating a clean-
room environment, which can be costly. Furthermore, the chemicals
employed in etching are toxic, rendering the process environmentally
unfriendly [18,19]. Deposition methods, such as electrochemical
deposition or chemical vapor deposition, are commonly employed to
enhance the pool boiling performance of surfaces by creating hydro-
philic or porous structures [20-22]. The presence of these functional
materials enhances wettability and provides favorable conditions for
bubble nucleation because of their microscale and nanoscale structures.
However, prolonged boiling can lead to structural damage or weakened
bonds in these functional materials. Additionally, the process is intricate
and time-consuming [23,24].

In terms of structuring SiC, laser texturing offers several advantages
over the abovementioned surface-texturing methods. Laser texturing
using a galvanometer scanner can swiftly process materials within mi-
nutes. Furthermore, programmable patterns can be applied to the sur-
face, and energy can be precisely focused on narrow areas for micro-
level precision machining [25-28]. Remarkably, even materials with
high hardness and brittleness, such as SiC, can be processed without
physical contact, thus overcoming the constraints imposed by mechan-
ical properties [29]. Laser-textured surfaces exhibit increased roughness
and become hydrophilic owing to the formation of an oxide layer. These
characteristics enhance wettability, provide numerous nucleation sites,
and ultimately improve pool boiling performance [30-34].

Numerous studies have been conducted to enhance pool boiling
performance through laser texturing. Xu et al. [35] employed a nano-
second laser to create pyramid-shaped fins on a flat copper surface. They
then investigated the pool boiling performance using fluorinert elec-
tronic liquid as the working fluid. The study revealed that the micro-
structures/nanostructures created by the laser significantly improved
wettability and provided highly favorable conditions for bubble for-
mation, inducing ultrafast jet-flow boiling. Kruse et al. [36] textured the
surface of stainless steel and studied its pool boiling performance.
Femtosecond laser texturing formed microstructures of varying spacings
and heights on the surface, depending on the laser fluence. The re-
searchers analyzed the impact of these microstructures on pool boiling
performance. Liu et al. [37] researched the pool boiling performance of
silicon wafers processed with a femtosecond laser in FC-72. The textured
samples with different laser scan spacings exhibited differences in
wettability, which affected the pool boiling performance. Serdyukov
et al. [38] employed two different lasers with varying wavelengths to
texture silicon surfaces and investigate pool boiling phenomena. The
laser treatment resulted in surfaces with distinct characteristics
depending on the wavelength used. The researchers also analyzed the
pool boiling behavior on each of these modified surfaces. Existing
research has revealed that material selection, laser parameters, and
scanning variables significantly influence the pool boiling characteris-
tics of surfaces. Owing to the growing demand for efficient thermal
management in electronic devices, extensive studies have focused on
textured silicon and metal heat sink materials. However, no research has
been conducted on laser texturing of SiC and its pool boiling perfor-
mance despite the potential of SiC as a promising material for electronic
devices.

In this study, the laser structuring of SiC wafer surfaces was inves-
tigated by analyzing their surface morphology and characteristics.
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Nanosecond laser structuring was applied to create microstructures in
the form of pyramids and crevices on the SiC surfaces. These surface
modifications significantly enhanced pool-boiling heat transfer. The
factors contributing to this improvement were analyzed based on the
experimentally obtained pool boiling curves and high-speed camera
observations of bubble behavior.

2. Experimental section
2.1. Laser structuring and characterization

The boiling substrate was fabricated on a SiC wafer (4H, semi-
insulating, double side polished, surface-oriented {0001}, thickness:
~525 pm, Shanxi Semisic Crystal Co.). The SiC wafer was cut and
structured with a nanosecond fiber laser (pulse duration: ~250 ns,
wavelength: 1062 nm, beam quality: M? <1.6, SP-050P-A-EP-Z-B-Y, SPI
Co.). The laser beam was directed onto the SiC surface via a 2-axis
galvanometer scanner (DCB210-Y1HP, Thorlabs) and an F-theta lens
(focal length: 163 mm, SL16385-Y1, Thorlabs). The diameter of the
focused laser beam was ~70.5 ym. The laser scanning path was pro-
grammed using SAMLight software (SCAPS GmbH). The wafer was cut
into small pieces (25 x 25 mm?) using the nanosecond laser at a pulse
fluence, scanning speed, and pulse repetition frequency of 26.4 J/cm?,
100 mm/s, and 50 kHz, respectively. The surfaces of the SiC pieces were
roughened using a grinding/polishing machine (Labopol-5, Struers Co.)
with diamond grit sandpaper (MD-Piano 80, Struers Co.) at 500 RPM for
5 min. The roughened samples exhibited high optical absorption for the
fiber laser, and damage to the opposite side caused by a transmitted laser
beam was avoided. The roughened surface was subsequently laser-
structured using the nanosecond laser (29.7 J/em?, 1500 mm/s, and
50 kHz). The laser scanning pattern parameters for surface structuring
are presented in Table 1. The laser-structured sample was ultrasonicated
with deionized (DI) water for 10 min before a thin-film heater was
patterned.

2.2. Fabrication of the thin-film heater

The thin-film heater was fabricated on the bottom surface (opposite
the laser-structured surface) of the SiC sample. First, a dispersion of Ag
nanoparticles (AgNPs; diameter: ~50 nm, 10 wt% in isopropyl alcohol
(IPA), SNP-050c, NIC Co.) was applied to the bottom surface using a spin
coater (SPIN-1200D, MIDAS Co.) for 1 min at 300 RPM. The deposited
AgNP layer underwent a two-step process using the same fiber laser,
resulting in distinct sintered and cleaned sections. Initially, a portion of
the layer was selectively sintered (continuous wave mode, 13 W, and 20
mm/s) to create a 10 x 10 mm? serpentine heater. Subsequently, the
other unaffected area of the layer was removed through laser ablation
using the laser in a nanosecond pulse mode (5.1 J/cm?, 100 mm/s, and
50 kHz).

2.3. Pool boiling setup

The chamber for the pool boiling experiment consisted of an
aluminum body and a transparent polycarbonate window, as illustrated

Table 1
Laser scanning repetitions and dimensions of the laser-structured surface
structures.

Sample  Laser scan Groove width Pitch Structure height
repetition (um) (um) (um)

P1 10 100 120 40

P2 20 100 120 80

P3 40 100 120 155

P4 60 100 120 220

WP1 20 270 300 95

WpP2 40 270 300 190
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in Fig. 1. DI water served as the working fluid, and the experiments were
conducted under atmospheric pressure. An auxiliary heater capable of
delivering up to 1 kW was positioned on the side of the chamber wall to
maintain the pool temperature at 95 °C during experiments and to pre-
boil the water, thereby minimizing noncondensable gases before the
experiments. Vaporized water was condensed on the condensing coil
connected to the circulating chiller (HH-35, Jeio Tech) and then
returned to the water pool. The boiling sample was loaded at the bottom
of the chamber, and the bottom-side heater was powered by a DC power
supply (EX 300-12, ODA Technologies). The power supplied to the
heater was monitored with LabVIEW software using a data acquisition
system (NI cDAQ-9174, National Instruments). Additionally, the tem-
perature of the chamber water was monitored by a K-type thermocouple
connected to the data acquisition system. Simultaneously, the heater
surface temperature and bubble formation were recorded by a thermal
imaging camera (A655sc, FLIR) and a high-speed camera (VEO-710L,
Phantom), respectively.

2.4. Data analysis

The power supplied to the heater does not entirely reach the surface
of the SiC due to heat losses. Because of the high thermal conductivity of
SiC, the supplied power on the heater can be dispersed into lateral di-
rection of substrate. Additionally, heat can be dissipated through natural
convection and radiation. The effective heat flux, HTC, and superheat
regarding these heat losses were numerically calculated using com-
mercial finite element analysis software (COMSOL Multiphysics 6.2).
The power measured by the data acquisition system was used as a
boundary condition, and the HTC value was iteratively adjusted until
the simulated temperature distribution on the heater surface matched
the experimental data [39]. The boundary conditions and material
properties used in the calculations can be found in Figure S4 and
Table S2 of the Supporting Information.

The uncertainty of the power supply was +0.1 % in current and
voltage, the uncertainty from the voltage divider was +1 % for current
and +0.1 % for voltage, the uncertainty of the vernier calipers used was

+0.03 mm, and the uncertainty of the IR camera was +2 K. The un-

certainties of the input heat flux and HTC were calculated using the error
propagation method proposed by Coleman and Steele [40]:
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Fig. 1. Schematic of the pool boiling setup.
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The accumulated uncertainty of the input heat flux was £1.1 %. The

uncertainties of the HTC were £21.4 % at 2.5 W/cm? and 6 % at the
CHF.

3. Results and discussion
3.1. Characterization of the laser-structured SiC surfaces

Laser structuring techniques were used to engineer the SiC surface
with intersecting grooves that were 100 um and 270 ym in width and
spaced at pitches of 120 pm and 300 um. Pyramid structures were
formed in areas unaffected by the laser, with their heights varying based
on the number of laser scans performed. The samples with pyramid
structures spaced at 120 ym are denoted by the prefix P, while those
with a wider spacing of 300 ym are denoted by WP. Table 1 summarizes
the shape of the structures, the width of the grooves, the pitch, and the
height of the structures for each sample. Fig. 2 shows the morphology of
the structured surface visualized using scanning electron microscopy
(SEM; S-3400 N, Hitachi, Japan). Regarding the P3 and P4 samples,
where the number of laser scan repetitions was high, the structures
lengthened, and crevices were formed where the walls of the structures
met at the base. In contrast, regarding the P1, WP1, and WP2 samples,
where the number of repetitions was insufficiently high, the grooves
were wide, resulting in ample space between the walls of the pyramid
structures and a smooth bottom. Thus, no crevices were formed.
Regarding the P2 sample, crevices were formed at locations where the
grooves overlapped even though there was sufficient space between the
structures. The surface structure became rough when melted materials
were deposited on it during laser structuring, creating favorable con-
ditions for nucleation. The surface structure also became hydrophilic
when coated with an oxidized material during laser structuring.

As indicated in Fig. 3a and Table 2, the investigation of the surface
chemistry using X-ray photoelectron spectroscopy (XPS; K-Alpha+,
Thermo Fisher Scientific) revealed that the laser-structured surfaces had
a higher oxygen ratio than the pristine wafer. Furthermore, the water
contact angle decreased, confirming the hydrophilicity of the surface, as
shown in Fig. 3b. The hydrophilicity was maintained even after the
completion of boiling experiment. For further investigation of the
chemical modifications induced by laser structuring, the high-resolution
C 1s XPS spectra were obtained from pristine SiC and P3 samples (Fig. 4a
and b). The C 1s spectrum of pristine SiC was deconvoluted into three
distinct peaks of C-Si (282.4-282.5 eV), C-C (284.8 eV) and C-O (286.1
eV). For the P3 sample, deconvolution revealed the existence of three
peaks, corresponding to C-C, C-0, and C=0 (287.5 eV) [41-43]. Like-
wise, the high-resolution Si 2p XPS spectra were obtained from pristine
SiC and P3 samples (Fig. 4c and d). Their deconvolutions show Si-C 3/
2p (100.3 eV), Si-C 1/2p (100.9 eV), Si-C-0/Si-O (101.5 eV), and
Si-O-C 1/2p (102.1 eV) peaks for the pristine SiC; and Si-C-O/Si-O,
and Si-O-Si (104.5 eV) for the sample P3 [41-45]. The above result
elucidates significant oxidation of surface Si by laser ablation, which
contributes to the enhanced hydrophilicity of the modified surface. After
laser structuring, new peaks corresponding to C=0, and Si—O-Si bonds
emerged, whereas the crystalline bonds between Si and C of pristine SiC
almost disappeared near the surface. Energy-dispersive X-ray spectros-
copy (EDS) analysis was additionally conducted to confirm the intro-
duction of abundant oxygen elements, and the result is available in the
Supporting Information.

3.2. HTC enhancement of the SiC surfaces

The CHF of the pristine surface was estimated to validate the reli-
ability of the pool boiling experiments using Kandlikar’s model [46]:
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Fig. 2. SEM images of the laser-structured SiC surfaces: (a—d) Top view, (e-h) side view, and (el, f1-2, g1-2, h1-2) morphologies between the structures of the
samples with 120 pym structure spacing. (i, k) Top-view and (j, 1) side-view images of the samples with 300 um structure spacing.
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Fig. 3. (a) Full-scan XPS survey spectra of the pristine and P3 samples. Images of the contact angle (b) before and (c) after laser structuring.

Table 2
Surface atomic composition of the major elements in pristine SiC and P3
samples.

Sample Atomic ratio (%)

O1s Si 2p Cls
Pristine SiC 15.05 42.66 42.29
P3 55.86 34.5 9.64

1 1
e =yt (g ) |24 51+ compicoss | o, )

16 4 ®

where hgg, pr, pv, 6, and g are the latent heat of vaporization, density of
the liquid, density of vapor, surface tension of water at 100 °C, and
gravitational acceleration, respectively. Additionally, p and ¢ are the
contact angle and inclination of the heater surface, respectively. The
predicted CHF of the pristine surface was 111 W/cm?, which is in close
agreement with the value measured in the experiments (118.5 W/cm?),
within a 10 % error. This result demonstrates that the experiment was
conducted within a valid setup and was consistent with theoretical
predictions.

Fig. 5a and b present the pool boiling curves and HTC of the 120 pm
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Fig. 4. High-resolution C 1s XPS spectra of (a) pristine SiC and (b) P3 samples. High-resolution Si 2p XPS spectra of (c) pristine SiC and (d) P3 samples.

pitch samples (P1-P4), respectively. They show a trend of increasing
HTC with increasing laser ablation depth. Specifically, P4 exhibited
~114 % and ~393 % increases in CHF and HTC, respectively, when
compared to the pristine sample. WP1 and WP2 are characterized by fin
stuctures without deep crevices, only differing in surface area. The re-
sults of the pool boiling experiments for these samples (Fig. 5¢ and d)
demonstrate the impact of surface area on enhancing the HTC. Both
samples were found to exhibit similar superheat levels at heat fluxes of
5-40 W/cm?. This observation reconfirms that crevices caused the
variations in superheat within the 5-40 W/ cm? range. The WP2 sample,
which had a relatively large surface area, exhibited a relatively low
superheat level at heat fluxes above 40 W/cm? Furthermore, this
disparity increased as the heat flux increased. It was observed that
increasing the heat flux on the laser-structured surface caused additional
nucleation sites to be activated, which promoted HTC enhancement in
the samples with large surface areas. Fig. 5Se displays the HTC at 25-35
W/cm?. The samples without crevices, namely, WP1, WP2, and P1, all
had similarly low HTC values, whereas the other samples exhibited an
increase in HTC as the depth of the crevices increased. The maximum
HTC value for P4 was found to exceed 180 kW/m2K. All the laser-
structured samples exhibited an improvement in CHF when compared
to the pristine sample. It can be concluded that the hydrophilic surface
created by the bonding of oxygen played a role in delaying the CHF. The
P4 sample exhibited the highest CHF (~254 W/ cmz) among the samples
examined.

The bubble behavior on the laser-structured surface was investigated
using a high-speed camera. Fig. 6 presents the results of the bubble
dynamics for the pristine, P1, and P4 samples at 6-8 W/cm?. The bubble
departure diameter and frequency of the P1 sample were ~1.3 mm and
~84.5 Hz, respectively, which were 31.5 % lower and 83 % higher than
those of the pristine sample (~1.9 mm and ~46 Hz), respectively.
Although the P1 sample did not exhibit an increase in HTC, the bubble
behavior it exhibited resembled those observed on surfaces where the
HTC had been enhanced via laser texturing [36,47]. According to Kruse
et al. [48], the oxide layer formed by a laser can function as an insulating
layer, resulting in increased superheat during pool boiling. In this study,

it was observed that the oxide layer formed by the laser on the SiC
surface also acted as an insulating layer, failing to enhance the HTC. The
P4 sample had a bubble departure diameter and frequency of 0.3 mm
and ~976 Hz, respectively, which were 80 % lower and 11-fold higher
than those of the P1 sample, respectively. Notably, the bubble formation
cycle in the P4 sample was exceptionally rapid, with some nucleation
sites exhibiting vapor columns. Rapid nucleation within cavities can be
explained by the classical nucleation theory. Studies employing this
nucleation theory to predict the nucleation rate within heterogeneous
conical cavity structures have indicated that the nucleation rate in-
creases as the cavity angle decreases [49-51]. The exceptionally high
bubble nucleation rate observed in P4 is consistent with the classical
nucleation theory, reinforcing its validity. Despite the oxide layer in the
P4 sample acting as an insulating barrier, the rapid bubble formation
caused by the surface structure influenced HTC enhancement [35].

Fig. 7 displays the bubble behavior of the P1 and P4 samples as the
heat flux increases. At a heat flux of 25-35 W/cmz, P1 and P4 exhibited
distinct bubble shapes due to the presence of crevices. Notably, the
boiling curve of P4 highlights the significant influence of crevices in
reducing superheat within the 5-40 W/cm? range, indicating rapid fine
bubble formation. As the heat flux increased to 60-75 W/cm?, bubbles
coalesced from the center in both P1 and P4, initiating the formation of
vapor columns. During this stage, while crevices continued to play a
role, variations in the surface area resulted in noticeable differences in
superheat. At a heat flux of 160-190 W/cm?, vapor columns spanned the
entire surface of both P1 and P4. At this stage, the reduction in superheat
was influenced by the differences in the surface area. The laser-induced
crevices mainly increased the HTC in the low heat flux range of 5-40 W/
cm?, while the large surface area primarily contributed to increasing the
HTC at high heat fluxes above 180 W/cm?.

4. Conclusions
In this study, an array of pyramid-shaped fin structures was formed

on a SiC surface using a nanosecond fiber laser to fabricate embedded
SiC heat sinks. The laser was operated at a pulse fluence of 29.7 J/em?, a
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scanning speed of 1500 mm/s, and a pulse repetition frequency of 50
kHz. The scanning repetition was progressively increased to vary the
height of the fin structures. At high scanning repetitions (40 and 60
times), cavities and crevices were created between the fins. XPS analysis
of the surface chemistry revealed that the oxygen ratio increased more
than threefold, and the hydrophilicity of the oxide layer was confirmed
by a decrease in the contact angle (from 57° to 0°). Factors influencing

boiling performance were investigated through pool boiling experi-
ments. It was discovered that crevices increased the HTC at low heat
fluxes of 5-40 W/cm? Moreover, the P4 sample, which contained
crevices, exhibited an 80 % decrease in bubble diameter and a 11-fold
increase in frequency, when compared to the sample without crevices
(P1). This resulted in the formation of very small and rapid bubbles. The
rapid nucleation rate in the crevices aligned with the classical nucleation
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theory, which states that nucleation rates increase as the angle of conical
cavities decreases. The large surface area of the structures was observed
to increase the HTC at high heat fluxes exceeding 180 W/cm?. The
surface area effect became apparent as bubbles coalesced to form vapor
columns. Although the oxide layer formed by the laser acted as an
insulating barrier and hindered HTC enhancement, the reduction in
contact angle due to increased hydrophilicity enhanced the CHF. The
most remarkable improvement in pool boiling performance was
observed in the sample with the highest fin structures and most crevices
formed due to high laser repetition rates, where the CHF and HTC
increased by 114 % and 393 %, respectively. Further research is required
to investigate the long-term durability of boiling performance on SiC
surfaces in a continuous nucleate boiling state, the improvement in CHF
due to differences in surface morphologies, and the underlying mecha-
nisms of these enhancements.
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