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Fabrication of hierarchical micro/nano-structures on glassy carbon (GC) surface is important for the application
of GC as the mold material for glass molding, but it is still challenging due to the high brittleness and hardness of
the material. In this study, by using a nanosecond pulsed laser, a hierarchical micro/nano-structure, i.e., micro-
dimple with ring-like nanostructure on its inner wall, was generated on the GC surface. The effects of laser
parameters, such as laser irradiation time and fluence, on the formation and evolution of the hierarchical micro/
nano-structure were experimentally studied. By comparative experiments with graphite, the role of amorphous
nature of GC on the formation of very regular hierarchical micro/nano-structure was confirmed. The results
obtained by irradiating GC in argon and nitrogen gas further indicated that the formation of hierarchical micro/
nano-structure was independent of the gas atmosphere. By controlling the relative positions of point shots,
various micro-dimple arrays were successfully fabricated on the GC surface which significantly changed its
wetting behavior. Finally, formation mechanism of the hierarchical micro/nano-structure was discussed ac-
cording to the experimental results as well as some previous literatures. This study provides a one-step method
for fabricating hierarchical micro/nano-structures on the GC surface by nanosecond pulsed laser irradiation,

which would be meaningful for the functional applications of GC.

1. Introduction

With a disordered atomic structure, glassy carbon (GC) exhibits
isotropic mechanical, physical, and chemical properties. On the one
hand, it possesses the common characteristics of carbon materials, such
as good thermal stability and excellent electrical conductivity [1,2]. On
the other hand, GC also shows some unique properties such as high
strength, high elasticity, low density, low thermal expansion, and
extreme corrosion resistance. With these features, GC is generally
employed as electrode materials in the field of analytical chemistry [3,
4], and as well, it is widely used as thermal imprinting molds for pre-
cision glass molding [5].

For applications as a mold, fabrication of some specific surface
structures on GC is the first step. However, due to the high brittleness
and hardness of GC, the conventional machining methods unavoidably
resulted in poor surface quality, and defects were commonly observed
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on the machined surface [6]. Even though these surface defects could be
partially reduced by using some hybrid machining methods [6,7], they
could not be completely eliminated. For example, micro-fractures still
existed on the GC surface after ultrasonic vibration-assisted micro-
grinding [7]. Alternatively, several non-mechanical approaches have
been explored in some previous studies. For example, by combining
femtosecond laser ablation with subsequent focused ion beam (FIB)
milling, Youn et al. [8] provided a method to fabricate microstructures
on the GC surface with relatively high quality and efficiency, compared
to that when using either of femtosecond laser ablation or FIB milling.
Later, they combined the electron beam lithography (EBL) with reactive
ion etching (RIE) to prepare the GC molds, which were applicable for
thermal imprinting of kinds of materials [9]. Kim et al. [10] reported the
preparation of GC mold with microdome cavities by carbonization of a
furan precursor, and they further copied the microdome structure to an
aluminum plate by using direct metal molding. Laser processing itself as
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a versatile technology has also been applied to fabricate the GC molds
[11,12]. For example, by using a nanosecond pulsed Yb fiber laser,
various structures such as microprobe and trench structures were
machined on the GC surface, which worked as a master mold for sub-
sequent soft lithography [11]; similarly, by using ultraviolet laser mill-
ing, micro-fluidic channels were prepared on the GC surface and it was
further applied to hot stamping of soda-lime glass [12].

Although various microstructures have been successfully fabricated
on the GC surfaces by the above-mentioned processing methods, the
formed structures were single-scale ones. Many previous studies sug-
gested that compared to the single-scale structure, hierarchical micro/
nano-structures could readily endow the surface with some unique
properties, for example, tuning the hydrophobicity or hydrophilcity
[13-16], enhancing the light absorption efficiency [17], promoting
dropwise condensation [18] and drop motion [19], suppressing frost
and promoting defrost [20], improving tribological performance [21,
22], and so on. However, fabrication of hierarchical
micro/nano-structures on the GC surface is still challenging, so new
processing methods should be further explored.

Compared to FIB milling, EBL, RIE, and femtosecond laser
machining, nanosecond pulsed laser processing is less expensive and
more efficient, and it has been widely employed to texture various
materials [23-26]. Because of the complex interaction between the
nanosecond pulsed laser and the material, not only micro-dimple or
micro-groove but also nanoparticles and micro-clusters could be
generated on the irradiated surface, forming typical hierarchical
micro/nano-structures [27-30]. On the other hand, direct laser inter-
ference patterning also provides the possibility to prepare hierarchical
micro/nano-structures [31,32]. Furthermore, with some additional
physical effects such as light interference or thermoplastic extrusion,
more specific hierarchical micro/nano-structures have been reported by
nanosecond pulsed laser irradiation [33-35]. Accordingly, in this study,
we attempted to develop a one-step method for fabricating hierarchical
micro/nano-structures on the GC surface by nanosecond pulsed laser
irradiation. Via point shot, the micro-dimple with ring-like nano-
structure on its inner wall, was successfully generated on the GC surface,
and the formation of ring-like nanostructure strongly depended on the
laser irradiation time and fluence. Using the selected laser parameters,
regular micro-dimple arrays were fabricated on the GC surface, and their
effect on the surface wettability was further characterized. According to
the experimental results as well as some previous studies, formation
mechanism of the hierarchical micro/nano-structure was finally
discussed.

2. Materials and experiments

Glassy carbon bought from the company, UNITIKA LTD., Japan, was
employed as the experimental sample, which had been polished by the
company. Prior to laser irradiation, the sample was cleaned using
ethanol and the amorphous nature of GC was confirmed by using an
NRS-3000 Raman micro-spectrometer (JASCO, Japan) with a 532 nm
wavelength laser.

Laser irradiation was performed in air via a nanosecond pulsed laser
(SP-050P-A-EP-Z-F-Y, SPI, UK). It is a fiber laser with a wavelength of
1064 nm and a Gaussian beam (TEMy mode, M? < 1.6) focused to be a
spot with the diameter of ~42 pm. During experiments, a repetition
frequency of 700 kHz was employed, and the corresponding laser pulse
width was 7 ns. By preliminary experiments, the maximum single pulse
energy used in subsequent experiments was 0.05 mJ. Point shots under
various laser irradiation times and fluences were first conducted to study
the effects of laser parameters on the surface structures, followed by
fabricating large-area array structures on the GC surface using the
selected laser parameters. The detailed experimental parameters are
listed in Table 1. For comparison, laser irradiation was also performed
on the graphite plate as well as in argon and nitrogen atmospheres.

After laser irradiation, surface topography was characterized by
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Table 1
The detailed experimental parameters for point shot.

Sample material Glassy carbon (GC)

Irradiation time (ms) 0.4,0.8,1.0, 1.2, 1.6, 2.0
Laser fluence (J/cm?) 0.210, 0.226, 0.235, 0.257, 0.270
Laser repetition frequency (kHz) 700

Laser pulse width (ns) 7

using a laser scanning confocal microscopy (LSCM, OLS4100, Olympus,
Japan), and surface morphology was observed by using a tungsten
filament scanning electron microscope (SEM, JSM-IT500A, JEOL,
Japan). During SEM observation, the acceleration voltage, current, and
working distance (WD) were 5.0 kV, 3.0 mA, and 10.1 mm, respectively.
The wettability of the original GC surface as well as the structured
surface was characterized by a contact angle measuring instrument
(OAS60, NBSI, China), and the droplet volume for measurement was 2
pL.

3. Results and discussion
3.1. Confirmation of the amorphous nature of GC

Fig. 1 shows the Raman spectrum of GC in the range of 800 to 1800
cm ™!, where two typical peaks are observed, the D peak at about 1360
cm™! and the G peak at around 1590 cm ™. The D peak is related to the
defect concentration (or "disorder") of the crystal lattice, and the G peak
is associated with the graphitic or "ordered" domains in carbon material.
Generally, the intensity ratio (Ip/Ig) is employed to evaluate the degree
of graphitization or amorphization of carbon materials [36,37]. The
intensity of D peak is larger than that of G peak (Ip/Ig > 1), agreeing well
with the typical GC peaks in some previous literatures [38,39]. There-
fore, the Raman spectrum in Fig. 1 confirms the amorphous nature of the
used GC.

3.2. Formation of single micro-dimple

Fig. 2(a) presents the optical morphology of the GC surface after
point shot under the laser fluence of 0.235 J/cm? and irradiation time of
1.0 ms. Fig. 2(b) shows the profile of the dotted line marked in Fig. 2(a).
Fig. 2(c) and (d) are the corresponding three-dimensional (3D) topog-
raphies in different views. It is clearly seen that under the employed
experimental parameters, two kinds of surface structures have been
generated on the GC surface, one is the micro-dimple and the other is the
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Fig. 1. Raman spectrum of the GC sample obtained in the range of 800 to 1800
cm ™. The D peak appears at about 1360 cm ™! and the G peak appears at
around 1590 cm .
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Fig. 2. (a) Optical morphology of the GC surface after point shot under the laser fluence of 0.235 J/cm? and irradiation time of 1.0 ms. (b) Profile of the dotted line in
Fig. 2(a). (c) and (d) The corresponding three-dimensional (3D) topographies of Fig. 2(a) in different views. (e) and (f) SEM morphologies of the irradiated GC surface

with different magnifications.

ring-like nanostructure. The micro-dimple has a depth of 7.65 pm and
diameter of 24.5 pm. It is noted that the diameter of the micro-dimple is
significantly less than that of the laser beam (~42 pm), which is due to
the Gaussian energy distribution. For Gaussian beam, the laser energy
intensity near the center is relatively high and it tends to decrease along
the radial direction. According to some previous studies [40,41], the
ablation threshold of the used GC was experimentally determined to be
0.150 J/cm? Under the laser fluence of 0.235 J/cm? here, the laser
energy of the center region is over the ablation threshold, resulting in
the formation of micro-dimple; while the laser energy of the surrounding
region does not reach the ablation threshold and thus, only a circular
heat affected zone (HAZ) is generated around the micro-dimple. From
the cross-sectional profile in Fig. 2(b), very uniform and orderly
concentric ring-like structure can be observed on the inner wall of the
micro-dimple, which results in the inner wall being not smooth but
jagged shape. Therefore, the formed surface structure after point shot is
a typical hierarchical micro/nano-structure. The 3D topographies shown
in Fig. 2(c) and 2(d) further confirm this, and both the micro-dimple and

ring-like nanostructure can be clearly observed. From Fig. 2(b)-(d), it is
also noted that the surface outside the micro-dimple is quite flat, nearly
the same as the original surface. This is quite different from the surface
characteristics of metal materials after laser point shot, where remark-
able pile-up could be observed around the micro-dimple [42].

Fig. 2(e) and (f) present the corresponding SEM morphologies with
different magnifications. It is further confirmed that the formed hier-
archical micro/nano-structure on GC surface is quite regular and clean,
with only some nanoparticles on and around it. In addition, from Fig. 2
(f), it is seen that the period of the ring-like nanostructure near the outer
boundary seems a little larger than that of the ring-like nanostructure
near the centre. As the ring-like nanostructure is distributed on the inner
wall of the micro-dimple, it is difficult to directly measure its period
because of the inclined inner wall. In Fig. 2(f), the ring-like nano-
structure is projected on the horizontal plane; as the periods of the ring-
like nanostructure and the projected one are directly proportional, the
period of the projected one is used here. Accordingly, three lines (1, 2,
and 3) are marked along the radial direction of the micro-dimple as
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shown in Fig. 2(f), and each line covers five ring-like nanostructures. By
comparing the length of lines 1-3 with that of the scale bar, three pe-
riods could be obtained, and they are 542 + 5 nm, 558 + 5 nm, and 632
+ 5 nm, respectively. This result indicates that the period of the ring-like
nanostructure tends to slightly increase from the bottom to the top of the
micro-dimple. The slight change in period of the ring-like nanostructure
could be related to the slight change in slope of the cross-sectional
profile from the bottom to the top as shown in Fig. 2(b).

To investigate the effects of laser parameters on the formation of the
hierarchical micro/nano-structure, point shots were further performed
under different laser irradiation times and fluences. Fig. 3 shows SEM
morphologies obtained under various laser irradiation times but the
same laser fluence of 0.235 J/cm?. When the irradiation time is 0.4 ms,
only micro-dimple has been formed in the ablated area, and the ring-like
nanostructure does not appear. When gradually increasing the irradia-
tion time, the ring-like nanostructure begins to appear, and it is gradu-
ally deepened with increase in the irradiation time. When the irradiation
time is 1.0 ms, the ring-like nanostructure becomes the most regular and
remarkable. Further increasing the irradiation time to 1.2 ms, wrinkles
begin to appear on the inner wall of the micro-dimple, causing the ring-
like nanostructure in the center area to deteriorate. When the irradiation
time is increased to 1.6 ms, the wrinkles have extended outward along
five directions, and the ring-like nanostructure in the central area has
been damaged and become extremely irregular. When the irradiation
time reaches 2.0 ms, the wrinkles tend to become shallower and a new
kind of ring-like nanostructure has been generated in the central area.
However, compared with the previous ring-like nanostructure, the
period of the new ring-like structure becomes non-uniform. Apart from
the evolution of hierarchical micro/nano-structure, the accompanied
nanoparticles formed around the micro-dimple are evolved as well.
Generally, when the irradiation times are less than 1.2 ms, very few
nanoparticles are generated around the micro-dimple. When the irra-
diation time exceeds 1.2 ms, large-area nanoparticles have been formed
around the micro-dimple as shown in Fig. 3(e) and (f).

To investigate the effect of laser irradiation time on the period of the
ring-like nanostructure, the period of the ring-like nanostructure in the
middle region of the inner wall is measured as an example. The similar
method as shown in Fig. 2 is employed. For the laser irradiation time of

1.6 ms
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0.8 ms, 1.0 ms and 1.2 ms, the ring-like nanostructures are clear and
regular, so these three cases are evaluated and the corresponding pe-
riods are calculated to be nearly the same (558 + 5 nm). The compar-
ative results in Fig. 3 indicate that the formation of hierarchical micro/
nano-structure is significantly affected by the laser irradiation time.
When the irradiation time is too short, the ring-like nanostructure will
not be generated; when it is too long, the previously formed ring-like
nanostructure will be damaged again. However, once the ring-like
nanostructure has been formed, its period is nearly independent of the
laser irradiation time.

Fig. 4 shows the effects of laser irradiation time on the diameter and
depth of the micro-dimple. It is easy to find that with increase in the
irradiation time, both the diameter and depth tend to increase.
Furthermore, the increase in the depth direction is significantly larger
than that in the radial direction. When the irradiation time is increased
from 0.4 ms to 2.0 ms, the depth is increased from 1.5 pm to 15.0 pm, but
the diameter is only increased from 19.8 pm to 28.0 pm. This could be
explained as follows. When increasing the irradiation time, the HAZ near
the ablated region could also reach the ablation threshold due to the
heat accumulation of repeated laser shots, and thus the ablated diameter
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Fig. 4. Diameter and depth of the micro-dimple changing with the laser irra-
diation time. The laser fluence was kept to be 0.235 J/cm>.

Fig. 3. SEM morphologies of the GC surface after point shot under various irradiation times: (a) 0.4 ms, (b) 0.8 ms, (c) 1.0 ms, (d) 1.2 ms, (e) 1.6 ms, and (f) 2.0 ms.

The laser fluence was kept to be 0.235 J/cm?.
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gradually increases, resulting in the increase in diameter of the micro-
dimple. Apart from the accumulated removal role of repeated laser
shots when increasing the irradiation time, the preceding ablated sur-
face could also greatly enhance the absorption of the laser energy during
subsequent laser shot [43], which makes the subsequent ablation more
severe and thus results in significant increase in depth of the
micro-dimple.

Fig. 5 shows SEM morphologies of the GC surface after point shot
under various laser fluences. The laser irradiation time was kept to be
the same of 1.0 ms. It is noted that the effect of laser fluence on the
hierarchical micro/nano-structure is very similar to that of laser irra-
diation time. Under a relatively low laser fluence, no ring-like nano-
structure is generated on the inner wall of the micro-dimple; when
gradually increasing the laser fluence, the ring-like nanostructure ap-
pears; the wrinkles finally occur and the regular ring-like nanostructure
is damaged especially in the central area when the laser fluence is over a
critical value. However, being different from the effect of laser irradia-
tion time on the irradiated GC surface, there are less nanoparticles
generated around the micro-dimple when similar wrinkles have been
formed (comparing Fig. 3(e) with Fig. 5(d)).

To investigate the effect of amorphous nature of glassy carbon on the
formation of hierarchical micro/nano-structure, point shots were
further performed on the surface of graphite, which is a typical crystal
material. As the effects of laser fluence and irradiation time are very
similar as shown in Fig. 3 and 5, here the laser fluence was kept to be
0.235 J/cm?, and the irradiation time was increased from 2.0 ms to 5.0
ms after preliminary experiments. Fig. 6 presents the SEM morphologies
of graphite surface after point shot under various irradiation times. It is
observed that when the irradiation time is less than 2.0 ms, only irreg-
ular micro-dimples are formed on the graphite surface; when the laser
irradiation time reaches 3.0 ms, there are tendency to generate the ring-
like nanostructure on the inner wall of the micro-dimple, but it is still
very irregular, as shown in Fig. 6(b). With further increase in the irra-
diation time, the nanostructure on the inner wall is significantly

0.210 J/cm?

0.235 J/cm?
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damaged as shown in Fig. 6(c) and (d). Compared with GC, the formed
micro-dimple on the graphite surface is quite irregular as well as the
ring-like nanostructure, which could be due to the crystal anisotropy of
graphite. The comparative results in Fig. 3 and 6 demonstrate that the
amorphous nature of GC significantly contributes to the formation of
very regular micro-dimple during laser point shot and subsequently the
hierarchical micro/nano-structure.

3.3. Formation of various micro-dimple arrays

After investigating the dependence of hierarchical micro/nano-
structure on the laser irradiation parameters by point shot, formation
of various micro-dimple arrays on GC surface was further attempted by
controlling the relative positions of point shots, which would be more
meaningful for practical applications. Being different from point shot,
another parameter, i.e. the interval between two adjacent micro-dimples
was introduced for the fabrication of micro-dimple arrays. According to
the results in section 3.2, the laser fluence of 0.235 J/cm? and irradia-
tion time of 1.0 ms were employed for subsequent fabrication of micro-
dimple arrays.

The first kind of micro-dimple arrays was constructed by using five
points as a basic unit. As illustrated in Fig. 7(a) (the inserted image), this
unit actually consists of two equilateral triangles which are symmetri-
cally distributed. Fig. 7(a)-(c) show the 3D topographies of micro-
dimple arrays formed under the intervals of 15, 20, and 25 pm,
respectively. Fig. 7(d) illustrates the profiles of the dotted lines in each
figure, showing the cross-sectional shape of each micro-dimple array. As
shown in Fig. 7(a)-(c), very regular micro-dimple arrays have been
formed, and each micro-dimple has the ring-like nanostructure on the
inner wall. For Fig. 7(a) and (b), the intervals d between two adjacent
micro-dimples (15 and 20 pm) are less than the diameter of the micro-
dimples (24.5 pm) formed under this laser conditions according to
Fig. 2. Therefore, the adjacent laser pulses will overlap the preceding
ones, and thus, the saddle-shaped structure is formed in the interacted

0.226 J/cm®

(d

Fig. 5. SEM morphologies of the GC surface after point shot under various laser fluences: (a) 0.210 J/em?, (b) 0.226 J/cm?, (c) 0.235 J/cm?, and (d) 0.257 J/cm?.

The laser irradiation time was kept to be 1.0 ms.
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(d)

Fig. 6. SEM morphologies of graphite surface after point shot under various laser irradiation times: (a) 2.0 ms, (b) 3.0 ms, (c) 4.0 ms, and (d) 5.0 ms. The laser
fluence was kept to be 0.235 J/cm?.

Interval d =15 pm i Interval d =20 pm

80
Position (pm)
d

Fig. 7. 3D topographies of the micro-dimple arrays formed by using five points as a basic unit and controlling the interval: (a) d =15 pm, (b) d =20 pm, and (c) d =25
pm. (d) illustrates the profiles of the dotted lines in each figure.
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region between two adjacent micro-dimples. For Fig. 7(c), the interval
d between two adjacent micro-dimples (25 pm) is larger than the
diameter of the formed micro-dimples (24.5 pm). Therefore, the indi-
vidual micro-dimple could be clearly identified and there is nearly no
direct interaction between two adjacent micro-dimples. The effect of
interval on the surface topography could be further confirmed by
analyzing the cross-sectional profiles as illustrated in Fig. 7(d). When the
interval d is less than the diameter of the micro-dimple, the top of the
profile is slightly wrinkled; while it is quite flat when the interval d is
larger than the diameter of the micro-dimple. Fig. 8 presents the cor-
responding SEM morphologies, which further confirm the effect of in-
terval on the formed micro-dimple array. In addition, the hierarchical
micro/nano-structure is also confirmed from the SEM morphologies.
By controlling the relative positions of point shots, another two kinds
of micro-dimple arrays were also attempted, which were constructed by
using four and six points as a basic unit respectively, i.e. the square and
hexagon shapes. Fig. 9 and 10 present the 3D topographies and SEM
morphologies of the obtained micro-dimple arrays, respectively. It is
noted that all the formed micro-dimple arrays are quite regular with
ring-like nanostructure on the inner wall of each dimple, which are
typical hierarchical micro/nano-structures. The results in Fig. 7-10
indicate that by simply changing the relative position and interval be-
tween adjacent points, various micro-dimple arrays could be easily
fabricated on the GC surface. With consideration of the effects of laser
fluence and irradiation time on the diameter and depth of the micro-
dimple as shown in Fig. 4, the size of each micro-dimple in the micro-
dimple array could be further tuned by changing the laser parameters.
Many previous studies [44-46] have demonstrated that surface mi-
crostructures especially the hierarchical micro/nano-structure could
significantly alter the wetting behavior of material surfaces. Therefore,
wettability of the fabricated micro-dimple arrays was preliminarily
characterized by measuring the contact angle (CA). Fig. 11(a) shows the
contact angle of the original GC surface and it is about 75°. Fig. 11(b)—
(d) show the optical images and corresponding contact angles of the
formed three kinds of micro-dimple arrays. It is clearly seen that the
large-area micro-dimple arrays with various basic units have been suc-
cessfully fabricated on the GC surface, and the structured surfaces
significantly reduce the contact angle. Especially, the micro-dimple ar-
rays with the hexagon-shaped basic unit show the superhydrophilic

Interval: 15 pm

{

Interval: 15 pm

(d
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behavior with a contact angle of 7°. The other two kinds of micro-dimple
arrays also have the contact angle of about 11°, being 64° less than that
of the original GC surface. This comparison confirms that fabrication of
hierarchical micro/nano-structures on the GC surface could significantly
change its wetting behavior.

3.4. Formation mechanism of the hierarchical micro/nano-structure

For laser irradiation of GC in air, the interaction between the laser
and GC surface should be quite complex due to the chemical reaction
between the GC and oxygen in air. To explore the formation mechanism
of the hierarchical micro/nano-structure, the role of chemical reaction
should be first investigated. Accordingly, laser irradiation of GC was
further performed in two typical inert gas atmospheres, i.e. argon gas
and nitrogen gas. During experiments, the laser fluence was kept to be
0.235 J/cm? Due to the shielding effect of the argon and nitrogen gas on
laser energy [47,48], the irradiation time was increased to achieve the
equivalent results, 1.9 ms for argon atmosphere and 1.4 ms for nitrogen
atmosphere, respectively. Fig. 12 presents the results of GC surface after
laser irradiation in the argon and nitrogen atmospheres. It is noted that
the similar micro-dimples with ring-like nanostructure on their inner
walls have been formed, demonstrating that formation of the hierar-
chical micro/nano-structure is independent of the gas atmosphere. This
indicates that the chemical reaction between the GC and oxygen in air is
not the reason for the generated structure.

As the hierarchical micro/nano-structure here mainly includes two
features, the micro-dimple and the ring-like nanostructure, their for-
mation mechanisms will be discussed separately, which are illustrated in
Fig. 13(a) and (b), respectively. As shown in Fig. 13(a), the laser beam
used here has a Gaussian energy distribution. Around the central region,
the laser fluence is above the ablation threshold of GC, and thus the GC
material in this region is ablated. Being different from the metal mate-
rials, GC is a typical carbon material, and the ablated materials will
readily react with the surrounding oxygen to generate carbon dioxide.
This is why the surrounding of the micro-dimple is quite flat without the
commonly observed pile-ups for metal materials [28,49]. At the same
time, due to the insufficient combustion of the ablated materials
(probably because of the shielding effect of plasma plume that prevents
the reaction between ablated material and oxygen), black smoke is

Interval: 25 pm

Interval: 25 pm

®

Fig. 8. SEM morphologies of the micro-dimple arrays corresponding to the 3D topographies in Fig. 7: (a, d) interval d =15 pm, (b, €) interval d =20 pm, and (c, f)

interval d =25 pm.
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Fig. 9. 3D topographies of the micro-dimple arrays formed by using four points and six points as a basic unit and controlling the interval: (a) four points and d =15

pm, (b) four points and d =20 pm, and (c) six points and d =20 pm.

Interval: 15 pm

Y

Interval: 20 pm

Interval: 20 pm

Fig. 10. SEM morphologies of the micro-dimple arrays formed by using four points and six points as a basic unit and controlling the interval: (a, d) four points and
d =15 pm, (b, e) four points and d =20 pm, and (c, f) six points and d =20 pm.

experimentally observed. With the role of recoil pressure, the black
smoke flows outward and finally produces the nanoparticles around the
micro-dimple when the laser is off [27,33,44]. Accordingly, the
micro-dimple with Gaussian-like shape and some nanoparticles around
is generated on the GC surface after pulsed laser irradiation. In addition,
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as shown in Fig. 6, due to the crystal anisotropy of graphite, the formed
micro-dimple and ring-like nanostructure are quite irregular compared
to those formed on the GC surface. This, on the other hand, confirms that
the isotropic physical and chemical properties of GC resulting from its
amorphous nature should also significantly contribute to the formation
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Fig. 11. (a) The contact angle of the original GC surface. (b)-(d) show the optical images and corresponding contact angles of the formed three kinds of micro-dimple

arrays. All the intervals were kept to be 20 pm.

Nitrogen

(b)

Fig. 12. Optical morphologies of the GC surface after point shot under different atmospheres: (a) argon and (b) nitrogen. The laser fluence was kept to be 0.235 J/
cm?. To generate the similar ring-like nanostructure on the inner wall of the micro-dimple, the irradiation time was increased to 1.9 ms (for argon atmosphere) and

1.4 ms (for nitrogen atmosphere), respectively.

of very regular micro-dimple.

According to the results shown in Fig. 3 and 5, the initial formation of
ring-like nanostructure is significantly dependent on the laser irradia-
tion time and fluence, and these two parameters actually determine the
same structural parameters of the micro-dimple, i.e., the depth and
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diameter. From Fig. 4, it is noted that when increasing the laser irradi-
ation time, the change in diameter of the micro-dimple is relatively
slight but the depth has been significantly increased. Therefore, the
depth of micro-dimple should be the dominant parameter that de-
termines the formation of ring-like nanostructure. That is to say a critical
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Fig. 13. Schematic diagram illustrating the formation mechanism of the hierarchical micro/nano-structure: (a) formation of the micro-dimple and (b) formation of

the ring-like nanostructure.

depth should be reached prior to the formation of ring-like nano-
structure. According to some previous studies [33,35,50-53], the for-
mation of ring-like nanostructure could be ascribed to the interference
between the incident light and the reflected light. As illustrated in
Fig. 13(b), to realize this kind of interference, the reflected light should
reach to the inner wall of the micro-dimple. This is why a critical depth
should be reached. Accordingly, the possible formation mechanism of
ring-like nanostructure is explained as follows. After the irradiation of
the first laser pulse, micro-dimple with smooth inner wall could be
formed. With increase in the laser pulses (realized by increasing the
irradiation time), the micro-dimple could be gradually deepened as
shown in Fig. 3 and 4. Once the critical depth is achieved, the reflected
light could reach to the inner wall of the micro-dimple, and it further
intervenes with the incident light, resulting in the initial formation of
the ring-like nanostructure [33,35,50]. When further increasing in the
laser pulses, the depth of the ring-like nanostructure could be increased
via the increased interference times; therefore, the ring-like nano-
structure becomes clearer and clearer, as shown in Fig. 3. After a critical
irradiation time (number of laser pulses), damage of the micro-dimple
starts from the central region due to the accumulated heat and
enhanced absorption of the laser energy around the central region [49,
54]. Once the damage is initiated at a precursor, it will expand rapidly
with the role of subsequent pulsed laser irradiation [55].

In some previous studies [35,50,52], similar hierarchical
micro/nano-structures have been reported for SiO; thin film, ZnO, fused
silica, et al. by using nanosecond and femtosecond lasers. Compared to
these studies, the formed micro-dimple and ring-like nanostructure here
are quite regular and clean with extremely less defects. This could
benefit from the carbon material and amorphous nature of GC. The
regular and clean micro/nano-structure would endow the GC more
functional applications.

4. Conclusions

In summary, this paper reported a one-step method for fabricating
hierarchical micro/nano-structures on the GC surface by nanosecond
pulsed laser irradiation. Via experiments and analysis, the following
conclusions can be derived.

(1) A typical hierarchical micro/nano-structure, i.e., micro-dimple
with ring-like nanostructure on its inner wall, could be gener-
ated on the GC surface through point shot by using the nano-
second pulsed laser.

(2) Formation of the ring-like nanostructure strongly depended on
the laser irradiation time and fluence, and these two parameters
showed a similar effect. To obtain a regular ring-like nano-
structure, these two parameters should be experimentally
selected.

(3) The formation of very regular hierarchical micro/nano-structure
benefited from the amorphous nature of GC and it was indepen-
dent of the used gas atmosphere.

(4) By controlling the relative positions of point shots, various micro-
dimple arrays were fabricated on the GC surface, which signifi-
cantly changed the surface wetting behavior.
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