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Microchannel heat sinks have been recognized as efficient cooling platforms for thermal management of
miniaturized devices because of their compact structure. Unlike most microfabrication processes, laser
micromachining is a versatile direct writing method to rapidly produce microchannels in brittle sub-
strates such as silicon wafers. In this study, an all-laser fabrication method is proposed to fabricate a
microfluidic heat sink for silicon devices. Lasers are used for engraving microchannels on a silicon wafer,
drilling inlet/outlet holes in quartz glass cover, and welding the Si sample and quartz glass cover. The
entire fabrication process is completed within two hours. The microchannel surface is converted into a
hydrophilic wall as proven by contact angle measurement, and a water flow is easily introduced to the
channel as a cooling fluid. The boiling heat transfer performance of the fabricated microfluidic channel
is evaluated by applying heat to the bottom of the device. A micro-heater placed underneath the Si sub-
strate is also prepared using a laser to induce selective sintering of a conductive Ag layer. The heat gen-
erated by the heater is successfully removed by boiling heat transfer, and the critical heat flux is
measured to be ~ 55.2 W/cm? at a water flux of 208 kg/m?s.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction sizes have led to an increase in the power density of electronic

products. As a result, the thermal management of electronic cir-

In the era of 5th generation mobile networks (5G) and artificial
intelligence (Al), continuous improvement of data processing and
communication speeds, and the constant reduction in component
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cuits and devices has become the main challenge for future elec-
tronics. Among various forms of heat removal techniques,
microchannel heat sinks have been widely recognized as an
efficient cooling platform for various applications, such as high-
performance processors, solar cells, fuel cells, and other high-
heat-flux devices [1-3]. Flow boiling heat transfer occurring in
microchannels has been extensively studied for its higher heat flux,
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lower pump power, and higher efficiency [4,5]. Microchannel heat
sinks are highly suitable for modern miniaturized devices because
of their large heat transfer area, compact structure, and uniform
wall temperature distribution [6,7]. Therefore, it is imperative to
develop a novel manufacturing method for producing microchan-
nel heat sinks in a facile way at reduced costs.

Various microfabrication techniques have been developed to
produce microfluidic channels in Si and quartz glass materials. Si
is a representative material widely used in semiconductor devices
and other microdevices, and quartz glass is a popular substrate
owing to its optical transparency, chemical stability, biocompati-
bility, high-temperature resistance, and minimal thermal expan-
sion. Microfabrication techniques based on micro-scale
photolithography, deposition, and etching are commonly used for
fabricating microchannels [8-10]. For example, deep reactive ion
etching (DRIE) has been adopted to especially produce deep
microchannels in a Si wafer [11,12]. However, these microfabrica-
tion processes are time-consuming, complicated, require expen-
sive micropattern mask and processing equipment, and produce
chemical pollutants [13,14]. Moreover, they should be carried out
in a clean room environment, further raising the fabrication cost.

Mechanical machining based on micro-cutting/milling using
computer numerical control (CNC) can also be a simple and rapid
process for producing microfluidic patterns [15-17]. However,
the cutting tool and the debris generated during the machining
process often cause high stress in a local part of the workpiece,
resulting in fractures of brittle materials such as Si and glass. In
addition, the degree of tool wear is difficult to monitor, and other
inspection methods for wear detection, such as laser tool measure-
ment or tool-workpiece voltage monitoring, should be adopted for
reliable processing [18]. Moreover, the end mill for micro-milling
should be carefully designed differently from the tool geometry
for macro-milling, thus increasing fabrication costs [19,20].

Compared with the above-mentioned fabrication methods,
laser micromachining is a versatile machining technique that can
produce microchannels in a facile way. Laser processing is gener-
ally not limited by the mechanical properties of the workpiece as
a wide range of materials, including brittle Si and glass, can be reli-
ably cut using a laser. In addition, various microscale features can
be rapidly engraved on materials via a programmed laser scanning
path without requiring pattern masking. Moreover, laser microma-
chining is a non-contact method free of tool wear monitoring, and
the instantaneous laser ablation does not generally require tight
control of ambient gas conditions.

Recently, numerous studies have been conducted on laser
micromachining for fabricating microchannels in Si wafers
[21-26]. While expensive femtosecond (fs) lasers—the most repre-
sentative ultrashort laser—enable high-resolution machining,
relatively economical nanosecond (ns) lasers have been adopted
for implementing laser-based micromachining of microchannels
with tens of micrometers in size. Most of the previous studies
focused on realizing micromachining of Si with lasers and explor-
ing various scientific or engineering aspects of the related laser
ablation process. However, the Ilaser-based fabrication of
microchannel is only a part of the entire processes to build a func-
tional microfluidic device, whereas efficient laser processing can be
widely applied to the other fabrication processes for further
improving the fabrication efficiency.

In this study, an all-laser microfabrication technique was devel-
oped by integrating various laser-based maskless fabrication tech-
niques for rapidly fabricating a microchannel heat sink in a Si
device. Laser-engraved microchannels have been studied for vari-
ous applications as found in the related literature [24,25]. How-
ever, according to our research, this device-level rapid fabrication
based on all-laser microfabrication, especially for the application
in flow boiling heat transfer, has rarely been reported. Our
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all-laser fabrication method included the following processes:
hydrophilic microchannels were produced in a Si wafer by using
a ns laser; an on-chip micro-heater was patterned on the other side
of the Si sample via laser-induced sintering of Ag nanoparticles;
inlet/outlet holes were drilled in a quartz glass plate, later adopted
as a transparent cover for packaging. Moreover, bonding between
the Si sample and quartz glass cover was achieved via laser trans-
mission welding. While conventional anodic bonding requires rel-
atively high process temperatures (up to ~ 450 °C) under high
voltages, which can be detrimental to the functionality of the
device [27-29], laser welding enabled tight bonding with a mini-
mal thermal budget. Finally, the performance of the fabricated
microchannel heat sink was evaluated based on critical heat flux
(CHF), pressure drop, and wall temperature at different mass
fluxes.

2. Experimental section
2.1. Materials

The microfluidic device was fabricated on a Si wafer (p-type,
double side polished, orientation (100), thickness: ~525 pm, resis-
tivity: 1-20 Q-cm). A quartz glass (or fused silica) plate (size:
25 x 25 mm?, thickness: 1 mm) was used as a transparent cover
for the device. For the fabrication of on-chip heater unit beneath
the device, a dispersion of Ag nanoparticles (AgNPs, 10 wt% in iso-
propyl alcohol, avg. diameter: 50 nm, SNP-050c, Flexio CO.) and a
poly (pyromellitic dianhydride-co-4,40-oxydianiline) amic acid
(PAA; 12.8 wt% in 80 % N-Methyl-2-pyrrolidone and 20 % aromatic
hydrocarbon; Sigma-Aldrich) were used.

2.2. Laser micromachining and welding

For cutting a Si wafer, engraving microchannels, and welding Si
and quartz glass cover, a nanosecond (ns) pulsed fiber laser (pulse
duration: ~250 ns, wavelength: 1062 nm, SP-050P-A-EP- Z-B-Y,
SPI Co.) was used. The laser beam was directed onto the sample
plane using a 2-axis galvanometer scanner (DCB210-Y1HP, Thor-
labs). The output laser beam was focused via an F-theta lens (focal
length: 163 mm, SL16385-Y1, Thorlabs), and the size of the focused
laser beam was ~63 pm. The laser scanning path was automati-
cally programmed based on pattern geometry and dimensions
through scanner software (SAMLight, SCAPS GmbH). This system
enabled rapid direct writing of micropatterns. For example, when
the scanning speed and line-to-line distance (pitch) were set to
500 mm/s and 50 pm, respectively, the entire engraving of
microchannels only took ~ 5.5 sec per device. For laser drilling into
the quartz glass cover, a CO, laser (wavelength: 10.6 um, beam
diameter: ~260 pm, C40-50, Coryart Co.) was adopted. For all laser
processing, the laser power output was directly measured by using
a laser power meter (Nova II Ophir Co.).

2.3. Fabrication of on-chip heater

For fabricating the on-chip heater, the backside of the device
wafer was coated with PAA using a spin coater (SPIN-1200D,
MIDAS Co.) at 1000 RPM for 20 s, 1500 RPM for 30 s, and 500
RPM for 20 s. The PAA film was dried in a vacuum oven (HQ-
VD027, CORETECH) at 100 °C for 1 h. The dried film was addition-
ally annealed on a hot plate (HP-180D, MTOPS) at 250 °C
for ~ 30 min, being imidized into polyimide (PI). The PI film on
Si was then coated with AgNPs by applying the AgNP dispersion
on it and immediately spinning the wet sample at 300 RPM for
60 s. The sample was subsequently dried in a convection oven
(SH-DO-90FH, Samheung Co.) at 50 °C for 5 mins. The same fiber
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laser unit also enabled operation in a continuous wave (CW) mode,
producing a CW laser beam of the same wavelength (1062 nm).
This CW laser beam was adopted for sintering the coated AgNPs.
A patterned area of the AgNP layer was selectively irradiated by
programmed scanning of the CW laser beam (power: 4.8 W, scan-
ning speed: 300 mm/s, number of scans: 2), and the AgNPs on the
irradiated area were consequently sintered by the laser-induced
heat. The unaffected area of the AgNP layer was then selectively
washed out by rinsing the sample in deionized (DI) water, leaving
a conductive Ag heater pattern on PI [30-32].

2.4. Characterizations

A scanning electron microscope (SEM, S-3400 N, Hitachi) sys-
tem and an optical microscope were used to observe the surface
structure of the Si samples and measure the dimensions of the
microchannels. The morphology of Ag nanoparticles was observed
by field emission scanning electron microscopy (FE-SEM) (SIGMA,
Carl Zeiss AG). X-ray photoelectron spectroscopy (XPS, K-alpha +,
Thermo Fisher Scientific) was used to analyze the elemental com-
position of the Si wafer surface after laser ablation. The pass energy
for the survey scan was set to 200 eV, and the step size was
adjusted to 1.0 eV.

3. Results and discussion
3.1. All-laser fabrication of microchannels

A microchannel heat sink, comprising a Si substrate with a
microchannel and micro-heater, a transparent cover, and tube fit-
ting connectors, was fabricated based on laser processing. Fig. 1
describes the all-laser fabrication processes. A Si wafer was pre-
cisely diced into a device piece, and microchannels were engraved
on it via programmed laser scanning. A transparent quartz glass
cover punctured for inlet/outlet ports was attached to the Si piece
via laser welding. The bottom surface of the Si piece was then
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coated with AgNPs, which were subsequently sintered into a
micro-heater by the laser. The inlet/outlet ports were finally con-
nected to tubing for introducing a fluid flow. Different lasers were
applied to the fabrication processes due to dissimilar light-material
interaction characteristics of the target materials. Laser processing
parameters were also adjusted depending on the desired depth of
machining and processing temperature. The details of the fabrica-
tion process are discussed below.

3.1.1. Laser cutting of Si wafers and channel engraving

Laser cutting and engraving of a Si wafer were implemented
based on ns laser ablation. The ns fiber laser was used for this pur-
pose. The laser pulse duration and pulse repetition frequency (PRF)
were 250 ns and 50 kHz, respectively. For exploring the effects of
laser fluence, scanning speed, and the number of scans on the
dimensions of ablated groove, a parametric study was performed
by varying these parameters (Figure S1 of Supplementary Mate-
rial), and based on its result, the laser irradiation parameters were
determined for cutting and engraving the Si wafer.

A Si wafer was cut into a square piece (size: 3 cm x 3 cm) using
the ns fiber laser at a laser fluence of 33.1 J/cm?, a scanning speed
of 500 mm/s, and a scanning number of 10. The entire pattern area,
including microchannels and reservoir parts, was 1 cm x 2 cm. The
pattern shape and its dimensions are described in Figure S2. Forty
parallel microchannels were engraved in the pattern by raster-
scanning the Si surface with the ns fiber laser at a laser fluence
of 30 J/cm?, a scanning speed of 500 mmy/s, and a line-to-line spac-
ing of 50 um. This laser scanning was repeated 3 times along the
same path to deepen the channel. The size of each microchannel
was approximately 1 cm x 012 mm x 0.08 mm
(length x width x depth). After engraving, the top surface of the
Si sample was flattened using a polishing machine (Labopol-5,
Struers Co.) with sandpaper of particle size 2.5 pm (Si carbide
1200/4000, R&B Inc Co.) at 300 rpm for 5 min to remove the recast
layer and particles generated by laser ablation from the top
surface. Fig. 2a and b show the cross-sectional SEM view of the

Laser cutting of
silicon wafer

= Flip

Assembly of microfluidic
device

Laser engraving of
microchannels

\ %f\

Laser sintering of AgNPs
on the back side

Laser drilling into
quartz glass

Flip

Laser welding of silicon
wafer and quartz glass

Fig. 1. Process diagram for all-laser fabrication of microchannel heat sink device.
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Fig. 2. SEM images of laser-engraved microchannels: (a) cross-sectional image of Si microchannels obtained at an oblique angle and (b) magnified images captured at the
same angle, and top view images of a single microchannel obtained at an oblique angle (c) before and (d) after polishing.

produced microchannels. The average roughness (Ra) of the
polished surface was measured to be 4.21 nm by atomic force
microscopy (AFM, XE-100, PSIA) (figure S3). The effect of polishing
is elucidated by comparing the surface morphologies of a single
microchannel obtained before and after polishing (Fig. 2c and d,
respectively).

In laser engraving, laser ablation influences temperature distri-
bution in the Si wafer via heat conduction, whereas the heat is
locally generated primarily near the beam spot. In the microchan-
nel heat sink, the functional device is supposed to be placed on the
other side of the Si substrate; when laser engraving is performed
after the device fabrication, its operation can be affected by the
heat induced in the microchannel engraving process. Thus, the
thermal effect of laser engraving on the temperature distribution
of the Si wafer was investigated.

The temperature change induced by laser engraving was mea-
sured at the center point of the bottom surface using a thermocou-
ple (K type), as described in the inset of Fig. 3a. A nitrogen flow was
introduced onto the engraving area during the microchannel
engraving process at a flow rate of ~ 8 I/min to investigate its effect
on the Si temperature. The plot in Fig. 3a shows the result, reveal-
ing that the temperature quite moderately rose to ~ 131 °C during
the engraving process with nitrogen blowing. The change in
engraving depth by nitrogen blowing was almost negligible. The
internal temperature of the irradiated Si wafer was further investi-
gated using a commercial finite element method (FEM) software
(COMSOL Multiphysics) [33-35]. The temperature distribution in
the Si wafer was calculated based on a simplified 2D model.
Fig. 3b shows the temperature distribution and isotherms captured
at ~ 1.6 msec after laser engraving was initiated. The distance from
the beam spot to the 250 °C isotherm was estimated to be roughly
100 pm. The details of the simulation are explained in the support-
ing information.

The laser irradiation of Si wafer remarkably enhanced the water
wettability of the engraved Si channels (see water wicking in sup-
plementary video V1). To investigate the wettability change, a Si
sample was prepared by scanning its surface in a square area (size:
2 x 2 cm?) with the ns fiber laser using the same laser engraving
parameters as those of the above channel engraving. A water dro-
plet (vol: 5 ul) was dropped onto the surface, and the contact angle
was measured. While the contact angle of the water droplet
was ~ 51° to the pristine Si wafer surface (Fig. 4a), the contact
angle of the droplet for the laser-irradiated Si surface was almost
0°, confirming the complete wetting and excellent hydrophilicity
of the laser-irradiated Si surface (Fig. 4b).

The surface morphology and compositional characteristics of the
irradiated surface were further investigated by SEM and XPS.
Fig. 4c shows a high-magnification SEM image of the irradiated sur-
face, revealing a rough and porous surface structure with a capillary
network. The surface roughness was measured to be ~ 6.75 pm (Fig-
ure S5). Fig. 4d shows an XPS survey spectrum of the irradiated sur-
face. The distinct peak corresponding to O1s suggests the generation
of Si oxide, which is attributed to ns laser ablation in air [36]. The
high-resolution XPS spectrum of Si 2p (Fig. 4e) reveals a dominant
peak of SiO,, confirming the oxidization of the ablated Si surface.

The surface structure of these physical and chemical character-
istics is widely known to favor efficient boiling heat transfer per-
formance [37]. Considering the nucleate boiling heat transfer,
this structure features more nucleation sites, smaller departure
bubbles, and higher departure frequency relative to a smooth sur-
face [38,39]. Si oxide is a representative hydrophilic material with
great affinity to water droplets, and the roughness increase further
enhances wetting of the oxidized surface [36]. As a result, the
laser-irradiated surface exhibited superhydrophilicity, which
facilitates quick water replenishment in the partially dry-out area
during boiling [40].
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Fig. 3. (a) Temperature measured at the bottom center of the Si sample for the period of laser engraving and after the termination of laser irradiation. (b) Temperature
distribution (color map and isotherms) calculated based on FEM simulation. This time step was selected to facilitate visualization of temperature distribution, whereas the
maximum temperature at the beam spot was significantly higher than the value shown in the figure.
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Fig. 4. Images of contact angle (a) before and (b) after laser ablation of the Si wafer. (c) SEM image of the capillary structure of the laser-ablated Si surface. (d) XPS survey

spectrum and (e) high-resolution Si 2p spectrum of the laser-ablated Si surface.

3.1.2. Laser drilling through quartz glass cover

A transparent cover was prepared from a quartz glass plate.
Inlet and outlet through-holes (diameter: ~1.3 mm) were drilled
into the quartz glass plate using the CO, laser (wavelength:
10.6 um). As the hole diameter is significantly larger than that of
the incident laser beam, laser trepanning drilling, where the laser
beam moves following a circular path, was adopted. The quartz
glass plate was scanned 3 times with the laser beam at a laser
power of 48 W (425 kW/cm? in power density) and a scanning
speed of 10 mmy/s. After drilling, the surface of the quartz glass
plate was also polished (average roughness: 1.37 nm, figure S3)
in the same way as the Si sample. Polishing of the Si sample
and quartz glass cover was required to enhance the contact
between the two plates for the subsequent laser welding. Fig. 5a
shows a digital photograph of the quartz glass plate with laser-
drilled holes and a magnified optical microscopy image of the
through-hole.

3.1.3. Laser welding

The quartz glass cover and Si sample were assembled via laser
transmission welding [41,42]. These plates were cleaned using an
ethanol-soaked wiper and dried in a nitrogen flow before welding.
The cover plate was placed on top of the Si sample with the hole
positions relatively aligned with the microchannel pattern and
was pressed down to achieve local optical contact. For laser trans-
mission welding, the ns fiber laser was used. Using a CW fiber laser
was not effective for welding because the continuous input of the
laser beam induced excessive heat in the enlarged heat-affected
area, immediately resulting in fractures in the cover plate.

Fig. 5b describes the laser welding process. The ns fiber laser
beam was focused on the interface of the cover plate and Si sample.
The laser beam was transmitted through the quartz glass cover,
being absorbed in the interface. The welding area was set
surrounding the engraved channels and irradiated with the laser
beam along a raster-scanning path at a laser fluence of 11.9 ]/
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Fig. 5. (a) Digital photograph of quartz glass cover with two laser-drilled holes for inlet and outlet (inset: enlarged image of the hole). (b) Schematic description of laser
transmission welding. (c) Digital photograph of laser-welded Si wafer and quartz glass cover. (d) Cross-sectional optical microscopy of laser-welded quartz glass and Si wafer.

cm?, PRF of 1000 kHz, scanning speed of 5 mm/s, and line-to-line
spacing of 0.5 mm. For improving the welding quality, wobbling
of the laser beam was adopted at an amplitude of 0.5 mm and wob-
bling frequency of 100 Hz as described in the inset of Fig. 5b. Com-
pared with the anodic bonding method conventionally used for Si
wafer and glass, the processing time for this laser welding was sig-
nificantly shortened, and high-quality welding was achieved
within ~ 1 min. Moreover, heat was locally generated in the inter-
face only, resulting in a minimal thermal budget (figure S6).

The welding quality was confirmed by pressurizing the internal
channel space. Neither cracks in the device nor leakage of water
was found until the pressure reached 4 bar, above which water
started to leak out of the epoxy bonding area that connected the
tube and the port of the cover. Fig. 5c shows a digital photograph
of the welded quartz glass cover and Si sample. Fig. 5d and
Figure S7 show its optical microscopy and SEM cross-sectional
image, respectively, revealing tight bonding without any visible
gaps.

3.1.4. Laser sintering of AgNPs

For investigating the boiling heat transfer performance of the
laser engraved microchannel, an on-chip heater element was fabri-
cated on the bottom surface of the Si sample. Joule heating of the Si
sample was implemented by patterning a serpentine conductive
film via laser-induced sintering of AgNPs [30,31]. Fig. 6a describes
the laser-induced sintering process: when the coated AgNPs are

irradiated with a laser, sintering of the irradiated AgNPs is selec-
tively achieved by laser absorption and the induced heat while
the protective layer of the AgNPs, which aids dispersion of the par-
ticles in a solvent, dissociates [30]. In addition, the adhesion
between the sintered AgNPs and substrate is increased. Fig. 6b
shows the SEM images of as-coated AgNPs and laser-irradiated
AgNPs. The morphology change induced by the laser irradiation
suggests successful sintering.

Various patterns of conductive AgNP film can be easily obtained
via programmed laser scanning because unaffected AgNPs are
selectively washed out by water or alcohols. However, the adhe-
sion between Ag and Si achievable via the laser sintering was not
strong enough, and part of the patterned AgNP film was sometimes
delaminated by washing with water. In our study, the poor adhe-
sion was mitigated by placing a thin PI film (thickness: 5 pm, see
Figure S8) at the interface mediating between the AgNP layer
and Si surface, as described in section 2.3. PI was selected because
it is a representative heat-resistive polymer that is intact at the sin-
tering temperature of the AgNPs (~150 °C) [32] and the maximum
temperature of the patterned heater (~240 °C).

The shape and dimensions of the serpentine heater pattern are
shown in Fig. 6¢ and S2. The rectangular area enclosing the heater
pattern was set to 10 mm x 10 mm, corresponding to that of the
above microchannels; their X-Y positions were also matched with
only the Z positions shifted by the wafer thickness. The electrical
resistance of the heater element was ~ 46 Q.
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Fig. 6. (a) Schematic of laser sintering process. (b) FE-SEM images of unsintered and sintered AgNPs. (c) Digital image of Ag serpentine heater on PI film (each pad size:

5mm x 5 mm).

3.2. Application in boiling heat transfer

The boiling heat transfer performance of the fabricated
microchannel was evaluated by flowing liquid water through the
microchannel heated by the on-chip micro-heater placed beneath
the device. Fig. 7 shows a schematic diagram of the testing setup.
Tubing (inner diameter: 2 mm) and tube fittings were connected
to the inlet and outlet holes of the welded cover plate by using
high-temperature resistant epoxy resin. DI water was injected into
the microchannel at ambient temperature (~20 °C) at different
mass flow rates using a syringe pump (SPLab01, SHENCHEN Co.).
The on-chip heater was connected to a direct current power supply

(6030A, Hewlett-Packard), and the heat flux was controlled by
adjusting the voltage. The on-chip heater was coated with a
high-emissivity black paint (¢ = 0.93), and its surface temperature
was monitored using an IR thermal imaging camera (FLIR A655sc;
FLIR Systems, Inc.). Two pressure sensors (TruStability SSC Series,
HONEYWELL Co.) were used to measure the pressure difference
between the fluid inlet and outlet. The heater temperature, inlet/
outlet pressures, and applied voltage/current data were recorded
after a steady state was reached, where data fluctuations remained
within 2 °C/min for temperature. The heater voltage was increased
initially in steps of 5 V, but the step was reduced to 2 V after the
onset of boiling. This process was repeated until CHF appeared.

Quartz glass cover

Microchannel

Pressure

1 { | Heater| | ] F
T rrrrYr YT TR 4
l Pressure
| sensor 2
: Outlet
. -

DC power supply

Fig. 7. Experimental schematic of flow boiling experiment.
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The uncertainties of mass flow rate from the syringe pump and
pressure from the two pressure sensors are + 0.3 % and £ 0.25 %,
respectively. A voltage divider was applied to the power supply
for overvoltage protection to the data acquisition system (Ni-
9174 and NI-9220, National Instruments). The power supply has
an uncertainty of + 0.3 W. The voltage divider consisted of two
resistors with resistances of 47 kQ + 0.1 % and 3 kQ + 0.1 %, respec-
tively, and a shunt resistor of 0.05 Q + 0.5 %. T-type thermocouples
used for the fluid temperatures have accuracies of + 1 °C, while the
IR camera for the heated surface has an accuracy of + 30 mK uncer-
tainty with 0.4 % emissivity calibration. The details of emissivity
calibration are found in our previous report [43]. The accumulated
uncertainties are + 14.6 %, +1.4 %, 2.9 %, and + 3.2 % for pressure
difference, heat flux, temperature, and heat transfer coefficient,
respectively.

The temperature of the microchannel surface was calculated by
assuming one-dimensional heat transfer:

Ts:Th _quf<vlr_g+%> (1)

where T; is the surface temperature of the Si wafer, T}, is the
temperature of the heater, q". is the heat flux, wp; and kp are
the thickness and thermal conductivity of the imidized PI film,
and ws; and kg; are the thickness and thermal conductivity of the
Si wafer, respectively. The pressure difference between the inlet
and outlet (AP) is.
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AP =P; — P, )

where P; and P, are the inlet and outlet pressures, respectively.
Considering the heat loss caused by natural convection at the bot-
tom of the Si substrate, the effective heat flux (q”.) is calculated
as:

qgjf = q" - qﬁeat loss (3)

where q” is the total heat flux of the heater and q”eq 10ss 1S the
heat loss by the natural convection between the Si wafer substrate
and the ambient (room temperature: 20 °C). In the calculation of
q"heat 10ss» the natural convective heat transfer coefficient (h) was
assumed to be 5 W/(m?K) [44]. The heat loss was calibrated by
considering natural convection over the heated area. Based on
our previous studies that adopted similar heater configurations,
natural convective heat transfer coefficient over the heated area
is estimated to be ~ 5 W/(m?K). The surface of the test sample
except the opening for IR measurement was covered with an insu-
lating acrylic plate which has very low thermal conductivity, and
the covered area was assumed to be fully insulated. Based on this
calculation, the total heat loss by the natural convection is ~ 1 % at
the maximum heat flux adopted in this study.

The saturation pressure (Psg,) in the middle of the microchannel
is calculated as follows [45]:

Psa[:Pl_% (4)

(b) & : :
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Fig. 8. Change in (a) pressure drop with effective heat flux at the mass flux of 104, 125, 166, and 208 kg/m?s. (b) Boiling heat transfer performance for laser fabricated Si
microchannel heat sink at different mass fluxes. Change in (c) effective heat transfer coefficient at different mass fluxes. Change in(d) effective critical heat flux with mass flux

(G).
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Effective boiling heat transfer coefficient (HTC.) is defined as:
HTCeff = q,e,ff/(Ts - Tsat) (5)

The saturation temperature (Ts) is thermodynamically deter-
mined from the local pressure.

The ONB (onset of nucleate boiling) point was recognized as a
momentary rise in pressure drop, obtained from the minimum
point of the pressure drop curve (Fig. 8a). With the increase of
mass flux (G), the ONB temperature also gradually increased, and
the ONB temperatures were 101.6, 108, 110, and 113 °C for 104,
125, 166, and 208 kg/m?s, respectively. The ONB occurred at
increased heat flux as the mass flux increased. CHF is the limited
heat flux primarily caused by the local dry-out on the channel wall,
resulting in an abrupt rise in temperature, detrimental to most
temperature-sensitive devices [39]. However, as mentioned previ-
ously, the laser-engraved channel exhibited a hydrophilic nature
with the capillary structure. As a result, the partially dry-out sur-
face can be quickly replenished with water, maintaining the effi-
cient boiling heat transfer. When investigated by SEM, the Si
microchannel used in the above tests did not show any distinct
change in structural characteristics (Figure S9), suggesting that
the microchannels are quite stable in the examined flow and tem-
perature conditions.

The maximum pressure drop was found to be 25, 29, 36, and
47 kPa at CHF points for 104, 125, 166, and 208 kg/m?s, respec-
tively. Fig. 8b shows the boiling heat transfer performance of the
microchannel heat sink obtained at the different mass fluxes,
revealing increased CHF with increasing mass flux. Fig. 8c shows
the calculated heat transfer coefficient (HTC). For heat fluxes
between ONB and CHF points, the average HTC was calculated to
be 16.5 kW/m? K. Fig. 8d shows that CHF was 33.1, 36, 39, and
55.2 W/cm? for the mass fluxes of 104, 125, 166, and 208 kg/
m?s, respectively. Sitar et al. reported the boiling heat transfer per-
formance of the device-level microchannels that was fabricated by
dry-etching and additional laser structuring [46]. For 208 kg/m?s,
the CHF of our device (55.2 W/cm?) was approximately 60 % higher
than that of their device (33.6 W/cm? at 208 kg/m?s), whereas they
used a dilute butanol (6 wt%) in water for coolant.

4. Conclusions

In summary, we have developed an all-laser fabrication tech-
nique where lasers are comprehensively applied to major steps
for fabricating fluidic devices with microchannels. A Si substrate
was prepared by precisely cutting a Si wafer using a laser, and
microchannels were engraved on the Si substrate. Inlet and outlet
holes were laser drilled into a quartz glass cover, and the cover was
welded with the Si substrate using a laser for packaging. A serpen-
tine micro-heater film was patterned onto the bottom surface of
the Si substrate via laser-induced sintering of AgNP film. All fabri-
cation processes were performed under ambient conditions. Rapid
programmable laser scanning especially enabled maskless pattern-
ing of microstructures such as microchannels and serpentine
micro-heaters, remarkably shortening the fabrication time. The
entire fabrication could be completed effectively within two hours.

A microchannel heat sink was fabricated based on the all-laser
method, and its performance was evaluated. A highly hydrophilic
channel wall was produced in the laser engraving of microchannels
because of surface oxidation and the generation of complex capil-
lary structures by laser ablation. This structure significantly
improved flow boiling heat transfer when a water flow was intro-
duced to the device. The flow boiling experiment revealed that the
microchannel heat sink dissipated ~ 55 W/cm? of heat at the mass
flux of 208 kg/m?s. We expect the heat transfer performance to be
further improved by optimizing microchannel geometry, which

Materials & Design 221 (2022) 110968
will be investigated in future studies.
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