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A B S T R A C T   

Fabrication of microstructures on the glassy carbon (GC) surface is crucial for its functional applications. 
However, due to its intrinsic mechanical, physical, and chemical properties, it is still challenging to fabricate 
hierarchical micro/nano-structures on the GC surface. In this study, by tuning the interval between adjacent 
points as well as the irradiation time, the conversion from the point to linear hierarchical micro/nano-structures 
was successfully achieved on the GC surface by nanosecond pulsed laser irradiation. The detailed conversion 
process and mechanism were explored and discussed. On this basis, the linear hierarchical micro/nano-structures 
were fabricated by direct line scanning, and the internal nanostructures were always parallel to the laser 
scanning direction. By repeated line scanning with relatively low laser fluence, the method of direct line scanning 
was further improved, and well-defined and uniform hierarchical micro/nano-structures were fabricated.   

1. Introduction 

As a kind of renewable material, glassy carbon (GC) possesses ver
satile mechanical, physical, and chemical properties, such as good 
impermeability of gas and liquid, excellent electrical conductivity, 
chemical inertness, and biocompatibility [1–3]. With these features, GC 
is an alternative for various technological applications, including (I) 
protection materials for ablative shielding [4], nuclear waste storage 
[5], and chemical reactions [6], (II) electrochemical devices for sensors 
[7] and energy storage [8], and (III) biomedical implants [9]. More 
interestingly, due to outstanding mechanical strength and thermal sta
bility, GC is also a suitable option for the mold material of different 
metals and glasses [10–12]. Furthermore, with the aid of precision 
molding technology, high-precision optical [13] and microfluidic de
vices [14] with complex geometric structures could be fabricated. 
However, constructing suitable microstructures on the GC surface is a 
prerequisite for these processes, which will directly affect the perfor
mance of the molded devices. Therefore, it is essential for preparing the 
microstructures on the GC surface. 

Nowadays, it is still challenging to obtain defect-free micro/nano- 
structures with complex geometry on the GC surface. By those 

conventional processing methods [1], surface defects are easily gener
ated on the GC surface due to its hard and brittle properties determined 
by the ‘glass’ nature of GC. Therefore, some alternative strategies have 
been developed, such as electron beam lithography (EBL) with reactive 
ion etching (RIE) [15], carbonization of cured resin [16], and laser 
processing [17]. Although surface microstructures with high precision 
and surface finish have been fabricated by the above strategies, they are 
still limited by simple geometries. Previous studies have demonstrated 
that hierarchical micro/nano-structures may endow superior perfor
mance to the material surfaces than these simple structures, for example, 
enhanced light absorption efficiency [18,19], tunable surface wetta
bility [20,21], and improved tribological properties [22]. However, the 
difficulty of fabricating hierarchical micro/nano-structures is also 
significantly increased, and until now, very few studies have reported 
the fabrication of hierarchical micro/nano-structures on the GC surface. 

In our recent research [23], a typical hierarchical micro/nano- 
structures (micro-dimple with ring-like nanostructures on its inner 
wall) was produced on the GC surface by using a nanosecond pulsed 
laser. However, it is still limited to a single-point process with low 
flexibility and efficiency, which may hinder the widespread application 
of this method. Accordingly, in this study, it was attempted to fabricate 
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linear hierarchical micro/nano-structures on the GC surface by the 
point-to-linear conversion. By tuning the interval between adjacent 
points as well as the irradiation time, well-defined and uniform linear 
hierarchical micro/nano-structures were successfully achieved on the 
GC surface. The detailed conversion process and mechanism from the 
point to linear hierarchical micro/nano-structures were explored and 
discussed. 

2. Materials and experiments 

The polished glassy carbon was purchased from UNITIKA LTD., 
Japan, as the experimental sample in this study. A fiber nanosecond 
pulsed system (SP-050P-A-EP-Z-F-Y, SPI, UK) (laser wavelength: 1064 
nm, pulse width: 7 ns, repetition frequency: 700 kHz, laser beam 
diameter: ～42 μm) was employed to fabricate the hierarchical micro/ 
nano-structures on the GC surface. The laser energy has a Gaussian 
distribution (TEM00 mode, M2 < 1.6). 

In the previous study [23], a typical point-shape hierarchical micro/ 
nano-structure (micro-dimple with ring-like nanostructures on its inner 
wall) has been reported on the GC surface, but it is still uncharted 
whether the linear hierarchical micro/nano-structures could be devel
oped on this basis. When the laser fluence is 0.235 J/cm2 and irradiation 
time is 1.0 ms, the generated point-shape hierarchical micro/nano- 
structure is well-defined and it has a depth of 7.65 μm and diameter 
of 24.5 μm. Accordingly, to investigate the conversion process from the 
point to linear hierarchical micro/nano-structures, the interval (d) be
tween adjacent points is reduced and the laser fluence is kept to be 
0.235 J/cm2. However, according to some pre-experimental results, the 
laser-induced structures are easily damaged by the thermal accumula
tion due to the reduction of the interval. Therefore, to obtain well- 
defined structures, the irradiation time (t) is also reduced correspond
ingly. By analyzing the pre-experimental results, the laser parameters as 
shown in the yellow regions of Fig. 1 are selected for exploring the 
conversion process. Under these laser parameters, some representative 
and distinguishable structures could be formed on the irradiated surface. 

After laser irradiation, the laser-irradiated surfaces were observed by 
using the scanning electron microscope (SEM, JSM-IT500A, JEOL, 
Japan) and the laser scanning confocal microscope (LSCM, OLS4100, 
Olympus, 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 amorphous nature of GC surface before and after laser 
irradiation was characterized by laser micro-Raman spectroscopy (NRS- 
3100, JASCO, Japan) with a 532 nm wavelength laser. 

3. Results and discussion 

3.1. Conversion of point-to-linear hierarchical micro/nano-structures 

Fig. 2 presents the SEM morphologies of laser irradiated GC surfaces 
after multiple-point shots, and the conversion process of surface mi
crostructures could be clearly observed. For all these experiments, the 
laser fluence is kept to be 0.235 J/cm2. By the pre-experimental results, 
the diameter of an individual micro-dimple is about 24 μm when the 
irradiation time is 1.0 ms. Therefore, at a relatively large interval of 22 

μm or 20 μm, no obvious interaction between adjacent micro-dimples 
appears, and the individual micro-dimple still keeps the initial 
morphology. When the interval is between 14 ~ 18 μm, two adjacent 
micro-dimples gradually overlap as the interval decreases, and a clear 
boundary could be observed in the overlapping region (Fig. 2c). In this 
case, the individual micro-dimple could still be distinguished, but the 
branches inside the micro-dimple initially form and gradually develop 
along with three directions (Fig. 2d). And the internal nanostructures 
are gradually concentrated at the branches rather than uniformly 
distributed with the initial ring-like shape. Furthermore, as shown in 
Fig. 2e, some grid arrays are generated on the inner wall of the micro- 
dimple by the intersecting nanostructures. Meanwhile, some nano
particles also begin to deposit on two sides of the micro-dimple. 

When decreasing the interval to 12 μm (Fig. 2f), the boundary be
tween two adjacent micro-dimples is broken by interconnecting 
branches, failing to keep the individual micro-dimple morphology. The 
internal nanostructures in the overlapping regions begin to interconnect 
along the x-direction. And more and more nanoparticles are deposited 
on the surface of micro-dimples and internal nanostructures, which 
seriously affects the observation of these structures. Therefore, at the 
same interval of 12 μm, the irradiation time is shortened to 0.8 ms to 
distinguish these microstructures (Fig. 2g). When the interval gradually 
decreases from 12 μm to 8 μm, the branches along the y-direction further 
develop towards two sides of the micro-dimple. While the internal 
nanostructures being parallel to the x-direction are connected more 
closely, and more nanoparticles are covered on the branches and 
nanostructures, as shown in Fig. 2g–i. As shown in Fig. 2j-l, when the 
irradiation time is further shortened to 0.6 ms, uniform linear grooves 
instead of distinguishable micro-dimples are generated as the interval 
reduces to 4 ~ 8 μm. Meanwhile, the internal nano-gratings being par
allel to the x-direction replace the initial ring-like structures and further 
develop to the outsides of the grooves. From the above results, it is 
indicated that the conversion from the point to linear hierarchical 
micro/nano-structures could be successfully achieved by tuning the in
terval between adjacent points as well as the irradiation time. 

To further analyze the conversion process, the typical three- 
dimensional (3D) topographies of laser irradiated GC surfaces as well 
as the corresponding cross-sectional profiles along the x-direction are 
presented in Fig. 3. The applied laser parameters are identical to those in 
Fig. 2. When the interval is between 14 ~ 20 μm, the smooth stages 
(marked in Fig. 3b) could always be observed on the cross-sectional 
profiles of the micro-dimples, which may be related to the boundary 
regions between adjacent micro-dimples. It is noticeable that when the 
interval is reduced to 12 μm, the smooth stages of the cross-sectional 
profiles disappear, which is consistent with the boundary broken by 
the interconnecting branches in Fig. 2f. As shown in Fig. 3d, when the 
interval decreases from 12 μm to 8 μm, the fluctuating cross-sectional 
profiles gradually become steady under the irradiation time of 0.8 ms, 
proving that the micro-dimples are more closely connected in Fig. 2g–i. 
When the interval is between 4 ~ 8 μm (Fig. 3f), the cross-sectional 
profiles along the x-direction maintain a relatively stable linear shape 
under the irradiation time of 0.6 ms, which is closely related to the SEM 
morphologies of the formed linear grooves (Fig. 2j–l). 

According to the above experimental results and analysis, the con
version mechanism from the point to linear hierarchical micro/nano- 
structures would be comprehensively discussed. First, by the previous 
study [23], the evolution of the hierarchical micro/nano-structures after 
the single-point shot is illustrated in Fig. 4a. When increasing the irra
diation time or laser fluence, the ring-like nanostructures in the center of 
the micro-dimple deteriorate and become disordered, and the branches 
with different lengths extend outward in arbitrary five directions. This 
may be due to the more efficient absorption of laser energy in the ‘weak’ 
(‘weak’ means more defects or worse surface quality) directions of the 
central region [24]. Further increasing the irradiation time or laser 
fluence, the new ring-like nanostructures are generated in the center of 
the micro-dimple, and the surrounding branches also further develop Fig. 1. The laser parameters selected in this study.  
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outward. 
However, when the multiple-point shots are performed, the evolu

tion process of these structures becomes complicated. Since two repre
sentative features could be observed in the conversion process, i.e. the 
branch and the internal nanostructure, their evolution will be discussed 
separately, which are illustrated in Fig. 4b and c. As shown in Fig. 4b, at 
a relatively large interval of 22 μm or 20 μm, the interaction between 
two adjacent micro-dimples is very weak. When the interval is between 
12 ~ 18 μm, the branches along three directions (A, B, and C) are pro
duced on the inner surface of each micro-dimple. Among them, the 

branch-A is formed along the x-direction in the center of the micro- 
dimple (Fig. 4b) because of the relatively high laser energy in the cen
tral region as well as the effect of the preceding shot. Actually, its di
rection depends on the position of the subsequent multiple-point shots, 
and it is always parallel to the scanning direction, which would be 
confirmed in the subsequent experiments. Compared to the surrounding 
regions after the single-point shot, the interfaces (Fig. 4b) of adjacent 
micro-dimples are relatively ‘weak’, so the absorption of laser energy is 
more effective, leading to the formation of branch-B and branch-C. 
Therefore, their direction is related to the positions of the interfaces, 

Fig. 2. SEM morphologies of laser irradiated GC surfaces after multiple-point shots under the applied laser parameters: (a) d = 22 μm, (b) d = 20 μm, (c) d = 18 μm, 
(d) d = 16 μm, (e) d = 14 μm, and (f) d = 12 μm at the irradiation time of 1.0 ms; (g) d = 12 μm, (h) d = 10 μm, and (i) d = 8 μm at the irradiation time of 0.8 ms; (j) d 
= 8 μm, (k) d = 6 μm, and (l) d = 4 μm at the irradiation time of 0.6 ms. For all these experiments, the laser fluence is kept to be 0.235 J/cm2. 

C. Wang et al.                                                                                                                                                                                                                                   



Applied Surface Science 599 (2022) 153978

4

corresponding to the tangential direction of the interfaces of the next 
micro-dimple. Accordingly, when decreasing the interval, the positions 
of the interfaces between adjacent micro-dimples would change, so the 
angle θ between branch-B and branch-C also increases in Fig. 2c–e. 
When the interval is the radius (12 μm) of the micro-dimple, the 
boundaries of adjacent micro-dimples are broken by the interconnecting 
branches-A. Meanwhile, the angle θ between branch-B and branch-C 
reaches a maximum value of 180◦, and two branches are parallel to 

the y-direction. Therefore, further decreasing the interval to 8 ~ 12 μm, 
the interconnecting branches-A constitute the central region of the 
groove in Fig. 2g-i. When the interval reduces to 4 ~ 8 μm, the adjacent 
branches-B or branches-C are also interconnected, forming the outer 
region of the regular linear groove in Fig. 2j–l. 

According to the experimental results, the evolution of internal 
nanostructures is related to the formation of branches. Similarly, at a 
relatively large interval of 20 or 22 μm, the internal ring-like 
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nanostructures are very weakly affected. But when the interval reduces 
to 14 ~ 18 μm, three branches are formed and gradually develop, with 
the internal nanostructures concentrated at the branches and distributed 
perpendicularly to them. As the interval decreases from 18 μm to 14 μm, 
the branch-A is always parallel to the x-direction and the angle θ be
tween branch-B and branch-C gradually increases. Therefore, the dis
tribution of nanostructures also changes with the development of 
branches. For example, as shown in Fig. 2d and e, the nanostructures 
guided by different branches intersect each other and form the gird ar
rays at the junction of branches. Furthermore, the effect of thermal 
accumulation on the GC surface morphology is also non-negligible, 
which leads to an increasing number of nanoparticles covering the 
irradiated region. 

When the interval reduces to 12 μm, the adjacent branches-A have 
interconnected along the x-direction, and the branch-B and branch-C are 
also parallel to the y-direction. As a result, the internal nanostructures 
guided by the branch-B and branch-C are distributed along the x-di
rection and connected by interconnecting branches-A, which leads to 
the formation of parallel nanostructures. When the interval decreases 
from 12 μm to 8 μm (Fig. 2g–i), laser energy is absorbed more efficiently 
on the two sides of the irradiated region due to the massive ablation of 

materials in the center of the irradiated region, further promoting the 
development of branch-B and branch-C. Therefore, with the decrease of 
the interval, the morphology of branch-A is almost unchanged, and the 
branch-B and branch-C gradually expand outwards. And the internal 
nanostructures being perpendicular to the branch-B and branch-C are 
more closely connected and play a dominant role in the overall nano
structures. As shown in Fig. 2j–l, at the relatively small interval of 4 ~ 8 
μm, the nano-gratings along the x-direction are well achieved in the 
outer region of the linear groove. Noticeably, no regular nano-gratings 
are generated in the central regions of the groove due to the injection 
of more laser energy. According to the above analysis, the conversion 
mechanism from the point to linear hierarchical micro/nano-structures 
is related to the evolution of the branch and the internal nanostructure, 
which originates from the non-uniform absorption of laser energy on the 
GC surface. 

3.2. Fabrication of linear hierarchical micro/nano-structures by direct 
line scanning 

The above experimental results show that by changing the interval 
between adjacent points as well as the irradiation time, the linear 

Fig. 4. The schematic diagrams illustrating the evolution of micro/nano-structures: (a) point-shape hierarchical micro/nano-structures, (b) branch, and (c) internal 
nanostructure. 
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hierarchical micro/nano-structures have been well achieved through the 
multiple-point shots. However, the efficiency of producing the linear 
structures by the point shot processing is relatively low. Compared to the 
point shot processing, the direct line scanning is similar in theory, but it 
is more convenient and efficient in practical engineering. For example, 
when fabricating a linear hierarchical micro/nano-structures with the 
same length, the time by point shot processing is 4 ~ 5 times longer than 
that by direct line scanning. Therefore, the direct line scanning is 
attempted to fabricate the linear hierarchical micro/nano-structures on 
the GC surface. Fig. 5 presents the SEM morphologies and 3D topog
raphy by direct line scanning. It is worth noting that the interval be
tween adjacent points is less than 0.04 μm under the laser frequency of 
700 kHz and scanning speed of 25 mm/s. At such a small interval, the 
well-defined linear hierarchical micro/nano-structures could be well 
achieved, and these structures have a more uniform transition from two 
sides to the center of the scanning line, but it still has some 
shortcomings. 

On the one hand, it can be concluded from Fig. 5a–c that the 
morphology of the nano-gratings is significantly different in various 
regions of the scanning line. For the starting region, the generated 
shallow nano-gratings are covered by deposited nanoparticles; while for 
the middle region and ending region, more distinguishable nano- 
gratings could be observed. Besides, in Fig. 5d–f, the cross-sectional 
profile along the y-axis shows uniform morphology, but the cross- 
sectional profile along the x-axis has regular fluctuation and deviation 
(Δh) in the height direction. These features could be attributed to the 
thermal accumulation of laser processing [25,26], which indicates that 
the morphology of linear hierarchical micro/nano-structures by direct 
line scanning is easily affected by the thermal effect. On the other hand, 
generally speaking, the surface topography of laser processing mainly 
depends on the laser fluence, followed by the scanning speed [27,28]. 
Fig. 6 presents the SEM morphologies in the middle regions of the 
scanning line obtained under various scanning speeds. When changing 
the scanning speed, the morphologies of linear hierarchical micro/nano- 
structures are significantly affected, which indicates that their 

morphologies are sensitive to the changes in laser parameters. The above 
shortcomings would be further improved in section 3.3. 

According to the conversion mechanism discussed in section 3.1, the 
direction of linear hierarchical micro/nano-structures including the 
linear groove and nano-gratings, depends on the direction of the branch, 
which is further determined by the position of the subsequent shots. 
Therefore, the direction of these micro/nano-structures could be flexibly 
controlled by adjusting the laser scanning path in theory, which is 
crucial for constructing some complex geometric patterns. To evaluate 
the patterning capacity of these micro/nano-structures, two different 
geometries, hexagon and helix, are fabricated on the GC surfaces. Figs. 7 
and 8 present their SEM morphologies. As shown in Fig. 7, the direction 
of the linear groove and nano-gratings is always parallel to the laser 
scanning direction in various regions such as regions A, B, and C. In 
Fig. 8, the direction of the groove and nano-gratings could maintain the 
well helical shape as well. Furthermore, it is clearly seen that these 
micro/nano-structures share similar morphologies in various regions 
except for the starting and ending points. The above results demonstrate 
that the direction of linear hierarchical micro/nano-structures could be 
flexibly controlled by adjusting the laser scanning path, proving the 
great potential for patterning the GC surface. 

3.3. Quality improvement of linear hierarchical micro/nano-structures by 
repeated line scanning 

Although the linear hierarchical micro/nano-structures could be 
fabricated by direct line scanning, some shortcomings such as the dif
ference in overall morphology and sensitivity of laser parameters, would 
hinder its practical application. Compared to direct line scanning, 
repeated line scanning with relatively low laser fluence can significantly 
reduce the effect of thermal accumulation on the overall morphology 
[29]. Therefore, this method is employed to improve the surface quality 
of the linear hierarchical micro/nano-structures. Fig. 9 presents the 
corresponding SEM morphologies and 3D topography by repeated line 
scanning. Compared to the SEM morphologies in Fig. 5, the 
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homogeneity of micro/nano-structures in various regions is significantly 
improved, and fewer nanoparticles are deposited in the starting region. 
In addition, the fluctuation of the cross-sectional profile along the x-axis 
is reduced, and the uniform profile along the y-axis is still maintained, 
which further demonstrates the improved uniformity of the linear hi
erarchical micro/nano-structures. Fig. 10 presents the SEM morphology 
of the hexagonal structure fabricated on the GC surface by repeated line 
scanning. It is seen that the well-defined and uniform hexagonal struc
ture could be patterned on the GC surface, and the difference in 
morphology between the starting and ending regions is significantly 
eliminated, which verifies the feasibility of the improved method. For 
comparison, 3D topographies of the hexagonal structures fabricated by 
direct and repeated line scanning are shown in Fig. 11. It can be seen 
that the overall uniformity in the depth direction of the hexagonal 
structure is greatly improved by repeated line scanning. Accordingly, by 
repeated line scanning with relatively low laser fluence, the micro/ 
nano-structures in various regions of the scanning line are homoge
nized, and well-defined and uniform hierarchical micro/nano-structures 
could be obtained by reasonably changing the number of scanning 

rather than the laser parameters. 
To explore whether the amorphous characteristic of the GC surface 

had been changed after laser irradiation, the Raman tests were per
formed on the non-irradiated and irradiated surfaces. Fig. 12 presents 
the Raman spectrums of the GC substrate (Region A) as well as the laser 
irradiated surface (Region B). Two typical peaks could be observed, the 
D peak at 1360 cm− 1 and the G peak at 1590 cm− 1. The D peak is 
associated with defects or disorder and the G peak is related to the 
graphite and order in carbon material. The intensity ratio ID/IG is used to 
evaluate the degree of amorphization or graphitization of carbon ma
terial [30]. As shown in Fig. 12, the ratio ID/IG of the substrate surface is 
about 1.19 (ID/IG > 1), confirming the amorphous nature of GC substrate 
[31]. It is clearly seen that the D peak shows a slight high intensity 
compared to the G peak for the Region B, indicating that the amorphous 
nature of the GC surface after laser irradiation is well maintained. 

4. Conclusions 

In summary, this study proposed a method for fabricating linear 

Fig. 6. SEM morphologies of laser irradiated GC surfaces in the middle regions of scanning line under various scanning speeds: (a) 20 mm/s, (b) 25 mm/s, and (c) 30 
mm/s. The laser fluence is kept to be 0.235 J/cm2. 

Fig. 7. (a) SEM morphology of the hexagonal structure fabricated on the GC surface by direct line scanning. (b), (c), and (d) are the enlarged images of the regions A, 
B, and C in Fig. 7a. The laser fluence and scanning speed are kept to be 0.235 J/cm2 and 25 mm/s, respectively. 
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hierarchical micro/nano-structures on the GC surface by nanosecond 
pulsed laser irradiation. By experiments and analysis, the following 
conclusions could be obtained.  

(1) By tuning the interval between adjacent points as well as the 
irradiation time, linear hierarchical micro/nano-structures were 
successfully achieved by point-to-linear conversion. The detailed 
conversion process and mechanism could be related to the 

Fig. 8. (a) SEM morphology of the helical structure fabricated on the GC surface by direct line scanning. (b), (c), and (d) are the enlarged images of the regions A, B, 
and C in Fig. 8a. The laser fluence and scanning speed are kept to be 0.235 J/cm2 and 25 mm/s, respectively. 
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interconnection of branches and internal nanostructures between 
adjacent point-shape hierarchical micro/nano-structures. 

(2) The linear hierarchical micro/nano-structures with different ge
ometries were fabricated on the GC surface by direct line scan
ning, and the direction of these structures including the groove 
and internal nano-gratings was always parallel to the laser 
scanning direction.  

(3) By repeated line scanning with relatively low laser fluence, the 
method of direct line scanning was improved, and well-defined 
and uniform hierarchical micro/nano-structures were fabricated 
on the GC surface.  

(4) The amorphous nature of structured region on the GC surface was 
well maintained after laser irradiation. 
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the work reported in this paper. 
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