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Abstract Advances in MEMS technology have enabled the development of smaller and
more efficient electronic devices, integrating nanoscale components. Coupled with progress in
flexible semiconductors, the potential applications of flexible electronics have significantly broad-
ened. Yet, wearable and flexible electronics often face challenges related to thermal manage-
ment owing to the low thermal conductivity of polymers--a crucial issue for wearables in direct
contact with the skin. This study introduces an innovative approach to enhance wicking perform-
ance on flexible substrates aiming to improve thermal management. The approach involves
creating intricate porous patterns on graphene structures through direct laser writing, using a
CO, laser on a polyimide substrate with specific parameters. Eight distinct laser-induced gra-
phene (LIG) samples were produced, each with different laser powers ranging from 9 to 23 W. A
surface analysis confirmed the successful transformation of polyimide into porous graphene
through laser ablation. The surface properties were evaluated before and after the oxygen
plasma treatment, supported by XRD and XPS results. The liquid transport capacity of the LIG
samples was accurately measured using the capillary rate-of-rise method. Lower powers (9 and
11 W) exhibited slower rates of wicking velocity, ranging from 5.0 mm/s®® to 6.3 mm/s®’,
whereas higher powers demonstrated increased rates, reaching 9.5 to 13.6 mm/s®®. These find-
ings explicitly demonstrate the superior liquid delivery capability of LIG, achieving wicking veloci-
ties up to four times higher than those in relevant existing studies.

1. Introduction

Advancements in MEMS technology have led to producing small and high-performing elec-
tronic devices, integrating electronic components at the nanoscale. This, along with the signifi-
cant advancements in flexible semiconductor technology, has vastly expanded the potential
applications of flexible devices, including flexible displays, wearable electronics, biomedical
implants, electronic skins, flexible solar cells, and foldable devices [1, 2]. Furthermore, the de-
velopment of wireless communication technology for large-scale data transmission has spurred
the innovation of technologies, such as loT-based flexible and wearable devices that connect
smartphones to loT devices. Despite these advancements, the performance of wearable and
flexible electronics is often hindered by thermal limitations, primarily owing to the use of inher-
ently low thermal conductivity polymer materials for flexible printed circuit board substrates,
such as polyethylene terephthalate, polyester, and polyimide (PI) [3-5]. This is particularly sig-
nificant for wearable devices in direct contact with the skin and underscores the critical need for
effective thermal management to reduce the risk of skin burns [6, 7].

Owing to the compact and lightweight nature of wearable devices, implementation of active
cooling methods using fans or pumps is impossible. As an alternative, passive cooling methods,
such as vapor chambers or heat pipes, which do not rely on external power sources, have be-
come feasible. These techniques utilize porous structures to transport the working fluid to a hot
spot where it evaporates and dissipates heat. Consequently, the cooling performance of these
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techniques is significantly influenced by the wicking perform-
ance of porous structures. Hence, numerous studies have
been conducted to create novel porous materials for enhancing
wicking capabilities [8-12]. Xiao et al. developed a prediction
model of liquid propagation rates in micropillar arrays and veri-
fied with experiments of deionized water (Dl-water) in silicon
micropillar arrays [8]. The sample wicked approximately 8 mm
in 1s. Using the Surface Evolver simulation program, they
predicted the meniscus shape of the working fluid. The model
showed agreement to within 5 % and design guidelines are
provided. Yuan et al. chemically etched a copper substrate to
create a hierarchical surface for capillary wicking [12]. The
etched copper exhibited a nanograss and microflower shape,
with 0° contact angle. The nanograss- and microflower-shaped
copper substrate tested wicking velocity using droplet spread-
ing measurement and showed 5.5 mm spreading in 0.5 s.
Laser-induced graphene (LIG) is obtained via a facile and
cost-effective method that involves irradiation of a Pl film with a
laser to convert it into graphene [13]. Thus, LIG can be directly
applied to flexible substrates, significantly enhancing their
thermal characteristics by improving the thermal conductivity

and wicking performance with the aid of their porous structures.

Inagaki et al. reviewed the graphitization process of Pl film [14].
Pl is graphitized about 3000 °C. While it is hard to rapidly reach
temperatures as high as 3000 °C using conventional methods,
laser technology provides the necessary energy efficiently. Duy
et al. conducted research on the graphene formation process
based on laser power [15]. When the laser power is sufficient,
polyimide undergoes graphitization, and outgassing of oxygen
and nitrogen results in the formation of a porous structure.
Laser-induced graphene (LIG) exhibits excellent mechanical
and electrical properties, along with a broad surface area due
to its porous structure. As a result, there has been a significant
amount of research in various applications such as sensors
and supercapacitors. Mamleyev et al. conducted research on
the use of laser pyrolysis with the introduction of nitrogen gas
to develop a urea sensor, capable of detecting urea concentra-
tions as low as 10* M [16]. Kim et al. created a densificated
LIG supercapacitor through twice performed laser pyrolysis,
achieving a capacitance of 19.8 mF cm™ at a current density of
0.05 mA cm? [17]. In addition, subjecting graphene to oxygen
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treatment introduces functional groups, such as ether, epoxy,
hydroxyl, and carbonyl, fostering hydrophilic interactions with
Dl-water through hydrogen bonding, resulting in further im-
provement in the liquid supply capability. In this study, we de-
veloped various hierarchical porous-patterned LIG structures to
improve the wicking performance on a flexible substrate with
the aim of enhancing thermal management. These patterns
were fabricated by direct laser writing on a Pl substrate with
precise adjustments to the laser operating conditions, pattern
spacing, and number of laser paths. Subsequently, we con-
ducted a comprehensive analysis of the surface characteristics
of various LIG samples, both before and after oxygen plasma
treatment, to investigate their wettability and potential for high
liquid supply capability. The wicking performance of the LIG
samples was accurately assessed using capillary rate-of-rise
tests.

2. Method
2.1 Fabrication of laser-induced graphene

Fig. 1 is a schematic of LIG fabrication. We used a commer-
cial Pl film (McMaster-Carr, tpg, = 0.003") as the substrate.
Initially, the PI film was cleaned using ultrasonic baths of ace-
tone and isopropyl alcohol for 5 min each, followed by a rinse
with Dl-water. The PI film was then subjected to continuous
CO, laser irradiation (Synrad, vi-30, maximum power: 30 W,
wavelength: 10.6 um, scanning speed: 200 mm/s, and fre-
quency: 5 kHz) under ambient conditions. The laser power was
modulated using an attenuator ranging from 9 to 23 W. All the
samples were fabricated with an inline pattern, as shown in Fig.
1(b). The focal beam size of the laser was 125 pm; conse-
quently, the laser spacing was set at 125 pm to ensure com-
plete laser coverage. The side and front views of the optical
microscope image are shown in Fig. 1(c). The fabricated LIG
surfaces were then subjected to oxygen plasma treatment
(FemtoScience, Cione 6, Pmax: 50 W) in the RF mode (radiof-
requency glow discharged at 50 kHz) using 50 sccm of O, and
50 W of power for 20 s. This process was employed to render
the surface hydrophilic using a method previously introduced
through numerous DFT (density functional theory) calculations

7|
CO; laser A = 106 ym @ 7
Py =30W
|

Focusing lens

Laser path with inline pattern

length of lasered area

(b)

Fig. 1. Fabrication of patterned laser-induced graphene (LIG): (a) schematic of the fabrication setup; (b) exemplary depiction of LIG for wicking; (c) optical

microscope image displaying LIG on a Pl substrate.
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Fig. 2. Characterization of wicking performance: (a) schematic of the capillary rate-of-rise test; (b) image processing for quantifying average height variations;

(c) photograph of the test chamber.

and experimental observation studies [18].

2.2 Characterization of wicking performance

The wicking performance was characterized by capillary
rate-of-rise measurements. Fig. 2 shows a schematic of the
experimental setup used to characterize the wicking perform-
ance. The samples were designed to be 10 mm wide and
20 mm high. They were secured onto a 3D printed sample
holder made of clear resin (Formlabs, clear resin). The holder
was mounted on a vertically adjustable PEEK stage situated
within a chamber measuring 230 x 230 x 300 mm®. The tem-
perature and pressure were maintained at an ambient tem-

perature of 18 °C and 1 atm, respectively, during measurement.

The capillary rate-of-rise was recorded using a high-speed
camera (Photron, FASTCAM Mini UX100, 500 fps) that cap-
tured the rise of the liquid through the LIG over time. MATLAB
image processing was employed to delineate the surface
boundary of the liquid, enabling a precise calculation of the
wicking height. The parameters influencing the uncertainty of
the wicking performance encompass high-speed imaging, time
measurement, and height. For wicking speed measurement,
the camera features a shutter speed of 3.9 ys and captures at
500 frames per second. The images have a resolution of 1280
x 1080 pixels, covering an area of 40 x 34 mm? Armed with
this information, we incorporated error bars into Fig. 8.

3. Result and analysis
3.1 Surface analysis of laser-induced graphene

Fig. 3 shows the surface morphologies of various LIG sam-
ples captured using a field emission scanning electron micro-
scope (FE-SEM, Carl Zeiss, model Sigma). Eight different
samples were analyzed, each created with varying laser pow-
ers, starting from 9 W for case 1, and increasing by 2 W up to
23 W for case 8. Following the laser path, graphene nanowires
were formed at the central location owing to laser ablation,
followed by the creation of porous carbonaceous materials
from Pl via pyrolysis. Concurrently, graphene nanopores (high-
lighted in red in Fig. 3(a) emerged between the laser paths
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Fig. 3. FE-SEM images of LIG samples: (a) top view; (b) side view of sam-
ples; (c) enlarged images of graphene nanowires and nanopores. Cases 1-
8 are fabricated using varying laser power, ranging from Pps, = 9 W for
case 110 Piaser = 23 W for case 8, with a 2 W increment. Enlarged images
in (c) are obtained from Ppaser = 13 W, 15 W, and 19 W.

owing to insufficient energy. These nanopores contained both
large and small openings. As repetitive laser pulses accumu-
lated heat, the molten PI began to boil and release gas, result-
ing in the formation of small pores on the surface [14, 15, 19].
These gases coalesced and were expelled, resulting in the
formation of larger pores. Fig. 3(c) is an SEM image of a
nanoporous structure, smooth nanowire structure, and gra-
phene flake aggregated nanowire each. Nanoporous regions
were clearly observed at relatively low laser powers of 9-15 W
(cases 1-4). However, with increasing laser power, both the
number and height of the nanowires increased, leading to a
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Table 1. Specifications and experimental results of samples according to
laser power.

Plaser (W) toraphene (M) torfim (M)
Case 1 9 62.7 56.2
Case 2 11 714 54.4
Case 3 13 81.9 51.1
Case 4 15 155.1 51.0
Case 5 17 163.9 45.0
Case 6 19 193.8 43.0
Case 7 21 228.8 38.2
Case 8 23 152.1 38.1
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Fig. 4. The pore size distribution of LIG, which exhibited a dominant pore
structure, was examined for laser power ranging from 9 W to 15 W.

decrease in the number of nanopores. Additionally, for higher
powers P.sr > 17 W, nanowires aggregated with each other
and formed clusters of graphene flakes on the stem of the
nanowires. The sizes of both the nanowires and nanopores
were evaluated by image analysis using ImagedJ and averaged
at ten different locations. The diameter of smooth nanowires
reached up to d,, = 1 ym. Aggregated nanowires had a diame-
ter size similar to that of smooth wires. The size of graphene
flakes differed. The thickness of the LIG was determined by
measuring the side view of the FE-SEM image shown in Fig.
3(b); this measurement was averaged at five different points.
For laser powers up to 19 W (case 6), the height of the LIG
pillar showed an increasing trend within the range of 63-229
pm as the laser power increased. However, for powers higher
than 19 W, the height remained almost consistent or was
slightly smaller at 23 W, probably owing to the strong laser
causing the aggregated bunches of graphene to disperse. The
comprehensive laser parameters, along with the thicknesses of
the graphene and Pl films for each sample, are listed in Table
1.

Fig. 4 presents the pore distribution of LIG for laser power
ranging from 9 W to 15 W. The large pores ranged in size from
1-10 ym, and the small pores ranged in size from 10-100 nm.
The pore distribution indicated that pores with dye = 30-50 nm
constituted 50 % of the total, and pores with dpee = 50-100 nm
constituted 25 % of the total. As the laser power increases,
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Fig. 5. Raman spectra results of LIGs. Samples are fabricated using laser
powers of 9 W and 19 W and Ip/lc are compared in the region of (a)
nanopores; (b) nanowires.

there is a tendency for the number of pores in the range of 30-
50 nm to increase, while the number of larger pores decreases.
The reason for this is that as the laser power increases, the
porous structure transforms into a nanowire structure, leading
to an overall decrease in the number of pores.

Fig. 5 presents the Raman spectra results obtained from two
distinct LIGs fabricated at P, values of 9 and 19 W, focusing
on the areas near the nanopores and nanowires. The meas-
urements were conducted with a Asr of 532 nm, encompass-
ing a range of Raman shift from 1000 cm™ to 3000 cm™. The
laser power was maintained at 5 mW to prevent laser-induced
damage. All measurements were at room temperature of 22 °C,
and the values were obtained as the average of five random
point measurements. The Raman spectrum of graphene pri-
marily exhibited peaks at D (1350 cm™), G (1580 cm™), and 2D
(2700 cm™). The D peak resulted from defects or bent sp? car-
bon bonds in graphene, whereas the G peak resulted from the
in-plane vibrations of sp® carbon atoms, collectively reflecting
the characteristics of amorphous and graphitic carbon in LIG,
respectively. The intensity ratio of Ip/lg, where I is the intensity
of the D peak and I is the intensity of the G peak, serves as a
parameter for assessing the defect density in graphene; a
smaller value of this parameter indicates a higher prevalence
of a graphene-like structure [20]. For the LIG samples with a
relatively low laser power of 9 W, both the nanopores and
nanowires exhibited an Ip/lg ratio of approximately 0.9. This
suggests that the LIG did not fully transition into a nanowire
structure, probably because the laser irradiation temperature
did not reach an adequate level of carbonization. At a higher
laser power of 19 W, the nanowire exhibited an Ip/lg of 0.45,
indicating a relatively more graphene-like structure, whereas
Io/lg still showed high values near the nanopore areas. As the
laser power increased, more energy was delivered to the PI
film, leading to a high degree of graphene formation and a
nanowire structure. And, after treating oxygen plasma, overall
Ip/lg ratios tend to be reduced about 0.05 ~ 0.1. This is be-
cause after oxygen plasma treatment, oxygen connected at
carbon defect.

Fig. 6(a) shows the X-ray diffraction (XRD, Bruker-AXS, New
D8-Advance, Cu ka) results of the LIG both before and after
oxygen plasma treatment. The prominent peak at 26 = 26.4°,
corresponding to (002), validated the existence of graphene,
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with an interlayer spacing (d-spacing, d) calculated at 3.37 A
using the Bragg's law. The inset image obtained from field
emission-transmission electron microscopy (FE-TEM, JEOL,
JEM-F200) provides additional confirmation of the graphene
structure with interlayer spacing consistent with previous stud-
ies [14, 16, 17, 21, 22]. Following oxygen plasma treatment,
additional peaks at 26 = 21.6° and 24.0° emerged, that were
absent in the before-plasma LIG sample, indicating the pres-
ence of oxidized graphene. These peaks suggest an increase
in interlayer spacing to 3.4 A and 4.1 A respectively, attributed
to the introduction of ether groups, as shown in the XPS result
in Figs. 6(c) and (d). Xu et al. reported that the attachment of
oxygen to graphene in the form of ether functional groups in-
duces polarity, leading to hydrophilicity [19]. Figs. 6(b)-(d) show
X-ray photoelectron spectra (XPS, Thermo Fisher, Scientific K-
Alpha+) before and after oxygen plasma treatment. Fig. 6(b)
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Fig. 6. X-ray diffraction (XRD) and X-ray photoelectron spectra (XPS) of the
LIG before and after oxygen treatment: (a) the XRD of the LIG before and
after oxygen treatment; (b) XPS survey of the LIG before and after oxygen
treatment; (c) and (d) C1s of the LIG before and after oxygen treatment.
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shows the changes in the atomic ratios with the oxygen plasma
treatment. In the before-plasma LIG sample, the composition
was C = 97.3 % and O = 2.7 %, that changed to C = 86.8 %
and O = 12.2 %, indicating an increased oxygen content after
the oxygen plasma treatment. As shown in Figs. 6(c) and (d),
the C1s spectrum demonstrated that most of the bonds were in
the form of C-O after the oxygen plasma treatment, whereas
non-oxidized graphene primarily exhibited C-C sp? bonding
with minor oxygen states before the plasma treatment. The
increased surface oxygen content in the oxygen plasma-
treated sample contributed to its enhanced hydrophilicity.

3.2 Characterization of wicking performance

Fig. 7 shows the results of the capillary rate-of-rise meas-
urements for various LIG samples produced at different laser
power levels, ranging from P,se; = 9 W for case 1 10 Pjaer = 23
W for case 8, with a 2-W increment. The capillary rate-of-rise
appears relatively slow for samples with lower laser powers of
9 and 11 W. However, with increasing laser power, the capil-
lary rate-of-rise noticeably increased. Notably, the laser power
of Paser = 23 W exhibited a comparable rate to that observed at
Piser = 17 and 19 W. This trend corresponded to the height of
the LIG nanowire pillars. As the laser power increased, both
the number of bundles and the height of the graphene
nanowires increased. This resulted in a larger contact area
between the liquid and graphene, facilitating faster liquid deliv-
ery. The height of the nanowires continued to increase until
case 7 (Ppser = 21 W). This led to the maximum capillary rate-
of-rise observed in case 7. We observed shorter nanowires in
case 8, as shown in Fig. 3, because the high laser power
caused the graphene to blast away, resulting in a decrease in
the capillary rate-of-rise. The nanoporous structures created
with lower laser powers (cases 1-3) had smaller contact areas
than the samples dominated by nanowires, leading to a slower
liquid transport speed. Fig. 8 illustrates the characteristics of
the wicking performance across all the LIG samples. The x-
axis represents the square root of time, that is used to calculate

NN = mﬂﬂm
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Fig. 7. Results of capillary rise rate measurements: (a)-(h) height variations over time for different LIG samples fabricated at Pj.s: levels, ranging from Ppser = 9

W for case 1 to Pjaser = 23 W for case 8, with a 2-W increment.
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Fig. 8. Results of the capillary rate-of-rise measurement for LIGs produced
at various laser powers.

the wicking velocity based on the Lucas—Washburn equation
[23], which expresses the relationship between the wicking
height and time. As indicated in the results, cases 1-3, pro-
duced with a lower laser power, exhibit a lower wicking per-
formance, primarily owing to the prevalence of nanopore struc-
tures. The wicking performance increased with increasing laser
power. A significant improvement in the wicking performance
was observed at relatively high laser powers (Paser > 15 W);
this was attributed to the formation of thicker and taller
nanowires. The maximum wicking performance was achieved
at a laser power of 21 W (case 7), demonstrating a nearly
three-fold increase in the liquid transport speed compared with
that observed at 9 W (case 1).

The wicking velocities derived from the wicking performance
results are shown in Fig. 9(a). The wicking velocity was deter-
mined through curve fitting, employing the slope value from the
wicking height versus the square root of time plot, with an R-
value of > 0.99. The wicking velocities from eight distinct LIG
samples exhibited a range from 5.0 to 13.6 mm/s®®, with the
slowest observed at the lowest laser power of 9 W, and the
fastest at a laser power of 21 W. In cases where nanopores
were prevalent in the LIG, such as cases 1-3, the wicking ve-
locities displayed a relatively modest range, falling between 5.0
and 6.3 mm/s"°. However, with increasing laser power, wicking
velocities experienced a substantial increase, ranging from 9.5
to 13.6 mm/s”®, aided by an increase in liquid delivery owing to
the appearance of nanowires. Fig. 9(b) shows a benchmark
comparison of the wicking velocities obtained from relevant
existing studies in literature. Because no literature is available
on the wicking performance in a flexible substrate, we com-
pared the results from a solid substrate. Yuan et al. [12] deter-
mined the wicking velocities using droplet spreading meas-
urements, whereas all other studies, including the present
study, employed the capillary rate-of-rise method. Because the
droplet spreading measurement neglects the gravitational ef-
fect, its wicking velocity can be overpredicted compared with
the capillary rate-of-rise measurement, particularly for relatively
large droplet sizes.

As demonstrated in Fig. 9, the LIG produced in the present
study exhibited the highest wicking velocity compared with

14
& 12
K —
= ] —
E 10
é i
Z 8
k=
o
T 6
&
=z 4
2
s 2
9W 11w 13W  1SW 17W  19W 21w 23w
Laser power
@)
18
& 161
'_:0
~ 14 r
= [
E 12
Z
g0t
2 -opper ¢ etche
g 8 Bl e oo
E‘ 6 ijsﬂ micro gooee 1 [t:DErsu!»s(n(E
: HER | | &8
§ 4T — =
35 33 o
2 b
0

LIG Xiao Lee Sun Chen Yuan
(Presentwork] ot, 3|3 et.al.? et.all® et.al!! et ali?
(b)

Fig. 9. Characterization of the wicking velocity in the LIG: (a) wicking veloc-
ity of LIGs at various laser power levels; (b) comparative analysis of the
wicking velocity benchmarked against pertinent prior studies.

other benchmark samples examined in relevant studies. The
surface of the LIG demonstrated a nearly fourfold improvement
in wicking velocity in contrast to copper nanowire [9], laser
etched copper micro groove [10], and chemically etched cop-
per substrate [12]. Furthermore, it showed an even greater
wicking velocity, approximately 63 % and 50 % faster than
those of the Si DRIE micropillar [8] and Cu wire mesh [11].
Except for the current study, Si micropillar [8] exhibited the best
performance in wicking velocity, although it registered a speed
of 8.5 mm/s®®; this speed was approximately 37 % slower than
that in the present study.

4. Conclusions

We devised a range of intricate porous patterns on graphene
structures to enhance the wicking performance on a flexible
substrate. These patterns were created through direct laser
writing, utilizing a CO, laser on a PI substrate, with specific
parameters: a laser scanning speed of 200 mm/s, frequency of
5 kHz, and laser spacing of 125 pm. We compared eight dis-
tinct LIG samples, each with different laser powers varying
from 9 to 23 W in 2-W increments. A thorough surface analysis
via FE-SEM and Raman spectroscopy verified the successful
formation of porous carbonaceous materials from PI, leading to
the creation of porous graphene through laser ablation. We
observed that two distinct types of porous graphene were pro-
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duced in LIG: nanopore structures were predominantly ob-
served at relatively lower power levels (Pise < 13 W), whereas
nanowires were primarily generated at higher laser powers
(Praser > 15 W). As the laser power increased, both the quantity
and height of nanowires increased, resulting in a reduction in
the nanopore area. An indepth examination of the surface
properties was performed both before and after the oxygen
plasma treatment, utilizing 50 sccm of O, and 50 W of power
for 20 s. The XRD and XPS results confirmed that the applica-
tion of the oxygen plasma treatment expanded the interlayer
spacing of graphene and elevated the oxygen content on the
surface, thereby enhancing its hydrophilicity.

The liquid transport capability of the LIG samples was pre-
cisely measured using the capillary rate-of-rise method. Lower
laser powers (9 and 11 W) showed a slow increase, whereas
higher powers showed a rapid increase. A higher laser power
led to taller nanowires, enhancing the liquid contact and deliv-
ery speed. The nanowire height peaked at Py, = 21 W, yield-
ing the highest rise rate and Ppsr = 23 W resulted in shorter
nanowires owing to graphene aggregation from the strong
laser power, thereby reducing the rise rate. Nanoporous struc-
tures with lower laser powers had smaller contacts, resulting in
slower liquid transport. Wicking velocity was also compared for
eight LIG samples ranging from 5.0 to 13.6 mm/s’®, with the
slowest at 9 W and the fastest at 21 W. In cases dominated by
nanopores with relatively low laser powers of 9-13 W, the
wicking velocity ranged from 5.0 to 6.3 mm/s®°. Higher laser
power led to significant increases, reaching 9.5 to 13.6 mm/s"*
for Pser > 15 W owing to the emergence of nanowires. The
wicking velocity in the current study was assessed in relation to
the data from pertinent prior studies. Notably, the LIG displayed
the highest wicking velocity among the benchmark samples
investigated in relevant studies, particularly achieving up to four
times the velocity of existing porous structures.
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