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Abstract

Silicon carbide (SiC) is heavily used in the industry due to its resistance to chemical wear and excellent mechanical properties
such as high hardness and high stiffness. However, these properties make it difficult to produce micro and nanostructures on the
surface of SiC by conventional methods. In this study, high-density microcones that protrude ~ 10 um above the initial surface
have been fabricated by nanosecond pulsed Nd:YAG laser irradiation (A = 532 nm) on reaction-bonded SiC. Geometrically
aligned cones were also fabricated by modifying the laser scanning path, and effect of different parameters such as pulse
frequency, laser fluence was studied. It was observed that the surface morphology of microcones was affected by the pulse width
and beam overlap. X-ray spectroscopy and Raman spectroscopy showed that the microcones were mainly composed of silicon.
Formation of these cone structures made the surface highly superhydrophilic with a contact angle of ~ 0°.
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1 Introduction

Reaction-bonded silicon-carbide (RB-SiC), due to its unique
properties such as high hardness, high stiffness, impervious-
ness to chemical attacks, and high dimensional stability, is
seen as a promising material for anti-wear parts, mechanical
seals, and precision components. In addition, RB-SiC is also
lightweight and has high thermal conductivity and low ther-
mal expansion; therefore, it can be used in mechanical systems
that must work in harsh environments. One such application is
outer space optical devices such as mirrors and reflectors [1,
2]. Other applications include high-precision optical molds,
rolling bearings, and cutting tools. Microstructuring the RB-
SiC surface can enhance surface properties, such as wettabil-
ity, reflectivity, and friction coefficient, and, in turn, improve
functionality of these applications.

Properties which make RB-SiC an excellent engineering
material also makes it difficult to machine. RB-SiC is harder
than most machining tool materials, and only a few tool
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materials can be used to machine RB-SiC, such as diamond
and cubic boron nitride, which make processing RB-SiC very
costly. In addition, RB-SiC is a two-phase material which
consists of SiC grains bonded by Si matrix. Si and SiC have
different mechanical and chemical properties, which make it
difficult to generate uniform microstructure on the surface by
mechanical or chemical processes.

Laser processing can be used to create microstructures on
the surface to enhance surface properties [3]. Laser accom-
plishes this by modifying the surface locally without altering
the properties of bulk material. Microstructures generated by
laser have been known to improve tribological properties.
Serguei and Murzin reported that the coefficient of friction
was reduced after microstructure formation on rolling bear-
ings made from SiC [4]. Microstructure can also improve
the thickness of lubricant film, thus improving the load-
carrying capacity of bearing under hydrodynamic sliding con-
dition [5]. Silicon microcones and nanograss produced by
cryogenic deep reactive ion etching made the surface
superhydrophobic [6]; such surface can be used as self-
cleaning [7] or for improving laminar flow enhancement. On
the other hand, hydrophilic surface can be used in heat transfer
applications; spreading of water increases the surface area
between surface and water increasing heat transfer.
Formation of silicon microcones is also known to improve
absorption of near-infrared radiation significantly [8, 9].
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Fig. 1 Schematic of cone formation mechanism at various laser fluences

In this paper, we propose an innovative method for fabri-
cating conical microstructure on the surface of RB-SiC by
nanosecond pulsed laser irradiation. This method takes advan-
tage of the difference in material properties of Si and SiC
components and responses to laser irradiation. The shape,
height, and material composition of the conical structures
were investigated under various conditions. In addition, we
also examined the contact angle with water to investigate ef-
fect of microstructure formation on surface wettability.

2 Process mechanisms
2.1 Interaction of laser with RB-SiC

In semiconductors, absorption of laser photons primarily occurs
by excitation of an electron from valance band to the conduction
band or intersubband transition of electron [10]. Photons with
energy below the band gap are not absorbed. These low energy
photons can be absorbed if impurities are present in the material
or by multiphoton absorption [11]. RB-SiC is a two-phase ma-
terial consisting of SiC grains bonded by Si [12]. Silicon has a
band gap of 1.1 eV, while 6H-SiC is a wide-band gap semicon-
ductor with an indirect band gap of 3.023 eV at 300 K [13]
(2.86 eV [14]), corresponding to a wavelength of 413 nm which
is shorter than the wavelength of the laser (532 nm, 2.33 eV)
used in this study. The bandgap of semiconductors decreases
with increase in temperature. Groth and Kauer reported the ab-
sorption coefficient of 6H-SiC at 293 K was negligible for pho-
tons with wavelength of 532 nm [15]. Watanabe et al. reported
that even at elevated temperature of 573 K, absorption coefficient
of 6H-SiC was negligible [16]. Choyke et al. reported the rate of
change of energy gap with temperature above 300 K as de-
scribed in Equation (1), and Levinshtein reported Equation (2)
for energy gap calculation [17, 18]:

dEg 4
—= = —33*107*T 1
T (1)
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where E, is energy gap and T is temperature in Kelvin.
Equation (1) and Equation (2) were used to obtain temperature
at which band gap of 6H-SiC reduces to 2.33 eV. Calculated
temperature was 1900 K from Equation (1) and 1800 K from
Equation (2). It can thus be assumed that 6H-SiC grain cannot
directly absorb 532 nm wavelength laser at room temperature
(300 K). However, band gap of silicon is 1.1 eV at room
temperature; thus, it can absorb laser. This results in selective
heating of silicon by laser, which heats the SiC grains by
conduction. As the temperature of SiC grains increases, the
absorption coefficient will increase for photons with energy of
233 eV.

2.2 Mechanism of cone formation

It is known that laser irradiation in air can cause thermal de-
composition of silicon carbide into silicon and carbon
[19-21]. Furthermore, laser oxidizes silicon and carbon [22,
23].

In air : SiC(S) i Sl([) + C(s)

2SiCy) + 20,—28i0 + 2Cy)

Table 1  Laser parameters

Area scanning Spot irradiation
Wavelength (nm) 532 532
Spot size (um) 85 85
Pulse width (ns) 48.4 15.6 48.4
Frequency (kHz) 10 1,10
Scanning speed (mm/s) 10 -
Fluence (J/cmz) 1.58,2.11,3.17,4.22 3.17-14
Number of pulse - 5-50, 50-500

Pitch(us) 10 -
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Several researchers have reported that laser irradiation on
SiC formed a layer of silicon on the surface [22-24]. Silicon
melts at a much lower temperature (1687 K) as compared to
silicon carbide (3103 K); hence, different mechanisms are
considered for low and high fluence. This provides possibility
of cone formation on RB-SiC by laser irradiation.

Figure 1 shows the schematic of possible cone formation
on RB-SiC by laser irradiation. At low fluence, silicon is di-
rectly heated and melted by laser. However, SiC cannot absorb
laser directly as the band gap of SiC is larger than the laser
photon energy. Instead, SiC grains are indirectly heated by Si.
At low fluence, high temperatures of Si cannot be sustained
for longer duration; hence, only smaller SiC grains are melted,
whereas larger grains are less affected. Thus melt pool is
formed in between larger SiC grains. SiC melts into a pool
of carbon suspended in liquid silicon [19-21, 25]. Due to
plasma recoil pressure, the molten mixture is pushed upwards,
which then cools rapidly, forming conical structures. Conical
structures are aligned with laser propagation direction. Low

Fig. 3 SEM images of sample
surface after polishing

areas where large SiC grains are not present.

At high fluence, silicon is rapidly heated to very high tem-
perature; for the same laser scan speed (or pulse overlap), this
elevated temperature can be sustained for a longer time. Thus
at high fluence condition, even larger SiC grains are melted. In
addition, the depth of melt pool formed is also substantial. The
material is pushed much higher above the initial surface due to
the larger volume of molten mixture and higher plasma recoil
pressure, which cools rapidly forming conical structures. The
cones generated at high fluence have a larger base diameter
and protrude above the initial surface. At high fluence, the
conical structures are generated on the entire surface.

3 Experimental methods
3.1 Laser systems
Two different lasers were used in this study for comparison:

LR-SHG laser (Nd:YAG laser) from Mega Opto Co., Ltd.,
Japan (Laser 1) and Super pulse 532-30 (Nd:YVO, laser)

Silicon carbide grain

Silicon matrix

50 um
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Fig. 4 Raman spectra of SiC grains and Si matrix

from Suzhou Inngu Laser Co., Ltd., China (Laser 2). Both of
the lasers were linearly polarized with a wavelength of 532
nm, and spot diameter was 85 pm with a Gaussian distribu-
tion. Laser 1 has a pulse frequency range of 1 kHz to 10 kHz
with pulse width of 15.6 ns and 48.4 ns, respectively, while
Laser 2 laser has a pulse frequency range of 70 kHz to
150 kHz with pulse width of 19 ns and 38 ns, respectively.

The laser beam scanning was controlled using a galvanom-
eter scanner system. The sample was directly placed on the
stage, and laser was focused onto the workpiece using an f-
theta lens. Experiments were carried in atmospheric condi-
tions. Laser parameters are shown in Table 1. For spot irradi-
ation, laser was irradiated in a grid of 10 x 10 spots with a
pitch of 110 um in x and y-direction. In x-direction number
of pulses, p were kept constant to remove effect of local sur-
face microstructure. In y-direction, number of pulse were in-
creased by a factor of n, where n is the row number as shown
in Fig. 2a. Figure 2b shows laser scanning path for area irra-
diation, laser beam was irradiated in a line, then the laser beam
was moved transversely at a pitch of 10 um, and the second
line was irradiated in the opposite direction. This line scan was
repeated to cover a set area.

Fig. 5 SEM image of point

irradiation with (a) 15.6 ns and
(b) 48.4 ns
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3.2 RB-SiC sample

The RB-SiC samples used in this experiment were cylindrical
with a diameter of 70 mm and height 15 mm. The surface was
flat with a roughness of Ra 0.18 um. To examine the distribu-
tion of SiC grains in the Si matrix, a sample was polished to a
mirror finish. Figure 3 shows an SEM micrograph of the sam-
ple surface where SiC grains (black) and Si matrix (white) can
be identified. Raman spectroscopy was performed to charac-
terize the material structures. Figure 4 shows the obtained
Raman spectrum. The SiC grains showed a Raman shift for
single-crystal 6H-SiC (x-SiC) and the Si matrix for single-
crystal Si. The average size of larger grains was around 50
pum. Most of the large SiC grains are not directly bonded to
each other; silicon and smaller SiC grains exist in between
them.

3.3 Surface measurement and analysis

After laser irradiation, the surface was cleaned with ethanol,
and generated microstructure was observed using a scanning
electron microscope (SEM), and surface topography was mea-
sured by a laser microscope. Energy-dispersive X-ray
(EDAX) spectroscopy and Raman spectroscopy were per-
formed to study the material composition of the surface.
SImage Entry 5 made by Excimer Inc. was used to measure
the contact angle of water with surface after cone generation.

4 Results and discussion
4.1 Effect of pulse width and frequency

Spot irradiation was carried out to observe the effect of laser
pulse width. Figure 5a shows spot irradiation results where
pulse frequency was 1 kHz and pulse width was 15.6 ns. It
was observed that cones did not form instead a shallow hole
with a rim was formed. There are two reasons for this: first,
pulse width is small to cause significant melting. Second, the

50 um 50 um
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Fig. 6 SEM images of area
irradiation with fluence of (a)
1.58, (b) 2.11, (¢) 3.17, and (d)
4.22 J/em?®

time difference between two subsequent pulses is long, hence
negligible plasma shielding occurs, which results into no or
very weak plasma formation, i.e., the pulse frequency is not
enough for generating strong plasma which could force the
molten material upwards. But due to temperature gradient
created by Gaussian, beam material is pushed towards the
edge due to thermocapillary flow [26]. Figure 5b shows spot
irradiation results where pulse frequency was 10 kHz and
laser pulse width was 48.4 ns. It can be seen in Fig. S5b that
small conical structures formed on the surface. Formation of
similar structure was attributed to material movement due to
laser-induced plasma recoil pressure [27]. Cones are generat-
ed because longer pulse can melt more material and high
frequency creates higher recoil pressure, thus forcing molten
material upwards. Furthermore, at a higher frequency, the
time duration between two consecutive pulses is shorter.
Thus, restricting the amount of heat diffusion occurs between
consecutive pulses. Hence at a high frequency, high temper-
ature can be sustained for a more extended time [28], which
helps in maintaining the material in molten state and also
provides time for this molten material to be transported above
the initial surface. It can thus be asserted that for a given set of
irradiation conditions, increasing frequency will improve
cone formation until the max temperature achieved exceeds
the vaporization temperature of Si substantially as it will lead
to ablation.

SO_Flm

50_um

50 um 50 um

4.2 Effect of fluence

Area irradiation at different fluence was carried out to under-
stand the effect of fluence on conical microstructure forma-
tion. Scanning scheme mentioned in method section was used
with a laser scan speed of 10 mm/s and scanning repetition of
5; pulse width 0f48.4 ns and pulse frequency 10 kHz. Figure 6
shows SEM images of structures formed at fluence of 1.58,
2.11,3.17, and 4.22 J/em®.

At very low fluence (1.58 J/cmz), only small volume of the
silicon is melted and is pushed out on the surface. The plasma
pressure is not enough to push molten silicon much above initial
surface, thus forming small bump-shaped structures (Fig. 6a).
The unaffected areas are thought to be large SiC grains.

At low fluence (2.11 J/em?), the dome-shaped structures
(Fig. 6b) are formed in the areas with small SiC grains.
These structures have a small base diameter and are more in
number; this is because the volume of melt pool is small and
plasma pressure is not enough to cause large displacement of
molten material which would force them to combine and form
larger cones.

At high fluence (3.17 J/cm?), even larger SiC grains can be
melted; hence, conical structures are formed on the entire sur-
face (Fig. 6¢). The cones formed have large base diameter and
height. In addition, cones also have smooth tips with very less
reattached debris. It is hypothesized that sizes of cones are
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large because the volume of melt pool is more substantial and ~ cones. Green area on the top is unirradiated surface, and the
plasma pressure can push molten material well above the ini-  red spots on the bottom are peaks of cones generated after
tial surface. Figure 7 shows surface topography of generated  laser irradiation.

Fig. 8 SEM image of area
irradiation with scanning
repetition of (a) 5 and (b) 20
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Fig. 9 SEM images of area
irradiation with fluence of (a)
3.17 J/em? and (b) 4.22 J/em®

Atvery high fluence (4.22 J/em?), it was expected that even
larger cones as compared to high fluence condition will form.
However, the conical structures generated were of similar size.
In addition, the surface of cones was covered with reattached
debris, which can be observed in Fig. 6d. This is because an
increase in laser fluence will increase the amount of silicon
vaporization. It is hypothesized that while some of the vapor-
ized silicon gets deposited on the surface, most of it is ablated.

4.3 Effect of scanning repetition

Area irradiation was performed with a different number of
scanning repetition. SEM images of the irradiated surface at
the repetition of 5 and 20 are shown in Fig. 8. In 5-time
repetition, small conical structure can be observed, whereas
in 20-time repetition, it was expected that larger cones will
form; however, cones are not present, and instead a porous
layer of splattered material can be seen on the surface.
Generated cones are mostly made up of silicon, hence scan-
ning laser again on cones causes silicon to vaporize and get
splatter on the surface. For laser pulse fluence 3.17 J/cm?,
optimum number of scanning repletion is 5 (Fig. 6c).
However, at laser pulse fluence of 4.22 J/em? and scanning
repletion of 5, we can observe some ablation of cone peaks
and deposition of vaporized silicon on the surface (Fig. 6d).

40 um

- -

40 um?

v A

Vo_» S

Fig 10 Scanning path for grid pattern irradiation

Thus, at higher fluence, number of scanning repetition should
be reduced to avoid ablation and adhesion of silicon.

4.4 Effect of laser scan speed

In this section, we investigate the effect of laser scanning
speed on the formation of conical structures. From previous
sections, we know that at higher fluence, multiple scanning
repetition leads to ablation of already generated microcones.
Hence in this experiment to reduce ablation at higher repeti-
tion rate, we increased scan speed with each scanning repeti-
tion. Area irradiation was carried out with the scanning
scheme shown in Fig. 2b and scanning repetition of 5. Other
laser parameters are shown in Table 1. The initial scan speed
was 10 mm/s, and after every scanning repetition, the scan
speed was increased by 10 mmy/s, i.e., second scanning repe-
tition was carried with speed of 20 mm/s and third with 30
mm/s and so on.

We can clearly observe that the microstructure formation at
3.17 J/em? in Fig. 9a is similar to Fig. 6b, where fluence was
2.11 J/em?. Similarly, conical structures at 4.22 J/em? in Fig.
9b are similar to Fig. 6¢ where fluence was 3.17 J/cm?. This
means that the effect of increasing scan speed is similar to that
of decreasing pulse fluence. When scan speed increases, the
pulse overlap decreases which in turn leads to a lower temper-
ature rise in RB-SiC [28]. Furthermore, it reduces the amount
of time for which this temperature can be sustained in irradi-
ated region. Hence, increasing scan speed shifts the fluence at
which cones can be generated to a higher value.

Table 2 Laser

parameters for cross Wavelength [nm] 532

irradiation Spot size [um] 85
Pulse width [ns] 30
Frequency [kHz] 100
Scanning speed [mm/s] 60
Fluence [J/em?] 1.76
Pitch[us] 40
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Fig. 11 SEM image of cross
irradiation

4.5 Geometrically patterned cone formation

The formation mechanism of cones is dependent on the
melting of surface and movement of the molten material
due to plasma recoil pressure. Hence in order to control
the location of cone formation, we used a laser with a
high pulse frequency of 100 kHz. This results in gener-
ation of stronger plasma recoil pressure, creating a val-
ley in the central region of laser spot. Figure 10 shows
scanning path of laser; at first, the laser was scanned
parallel to x-direction with a pitch of 40 um; later, laser
was scanned in the perpendicular direction with a pitch
of 40 um to form a grid structure. Table 2 shows the
laser parameters; to reduce splattering effect due to
beam overlap, higher scanning speed was used as com-
pared to 10 kHz laser irradiation. We can observe from
Fig. 11 that structures formed in a grid pattern and
initial laser scanning seem to dominate the orientation
of structure.

Fig. 12 Tip of cone examined by
EDX
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4.6 Element analysis of cone

50 pm

Figure 12 shows EDX results for the elemental distribution of
the surface after the formation of conical structures. It was
found that the outer layer of cones was mostly made up of
silicon, and some carbon and trace of oxygen was also ob-
served. The globular clusters formed on the cone surface at
very high fluence have higher oxygen percentage suggesting
oxidation of silicon into silicon dioxide. To verify the EDX
results, Raman analysis was also performed on the tips of the
cone. Raman shift for single crystal silicon is 521 cm™'; how-
ever, peak at 519 cm™' was obtained as shown in Fig. 13. This
shift could either represent presence of polycrystalline silicon
or existence of residual stress. During the process of cone
formation, molten material is pushed upwards (elongation)
which solidifies rapidly that might cause residual stress;
Bradby et al. reported peak shift in a single crystal germanium
due to residual stress [29]. Figure 14 shows inside of a cone.
We observe a homogeneous solid core enveloped by a thin

Element Atomic Percentage
Silicon 68.17
Carbon 22.86
Oxygen 7.72
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Fig. 14 SEM image of inside of generated cone

layer; EDX reviled both core and the layer is made up of
silicon (99%). A possible reason for the formation of thin
silicon layer is deposition of vaporized silicon on the cones
since laser is scanned multiple times.

4.7 Surface wettability

Wettability of the surface before and after cone generation was
measured. The sample was prepared by area irradiation with a
laser fluence of 3.17 J/cmz, laser scan speed of 10 mm/s, and
pitch of 10 um, and the number of scanning repetition was 5.

Fig. 15 Photograph showing
water droplet on (a) original
surface (b) after cone generation

Laser pulse width of 48.4 ns and pulse frequency of 10 kHz
were used. A droplet of 5-uL distilled water was used in a
static sessile drop method. Figure 15 shows the photograph of
water droplet on non-irradiated and irradiated surface. The
contact angle of water with non-irradiated sample was mea-
sured to be 62° and ~ 0° on irradiated surface, i.e., formation
of cone structure made the surface superhydrophilic. This in-
crease in hydrophilicity of the surface suggests that Wenzel
state is dominant as water can easily flow between cones, thus
increasing the contact area between water and sample surface.
Similar shape and size of conical structures (epidermal cells)
are also observed on leaves of Calathea zebrina and Ruellia
devosiana which are known to be superhydrophilic surfaces
[30]. Hence, it is believed that change in contact angle is due
to formation cones and not due to change in chemical compo-
sition of surface. Such hydrophilic surfaces are especially use-
ful for interface lubrication such as that in applications of
bearings and cutting tools.

5 Conclusions

Self-organized microcones with high-number density that pro-
trude well above the initial surface were fabricated on reaction
bonded silicon carbide by nanosecond pulsed laser irradiation
with a wavelength of 532 nm. It was found that:

(1) Cones are generated as a result of selective melting of
silicon initially which is then pushed upwards due to
plasma recoil pressure and solidifies rapidly.

(2) As the incident fluence increase, the size of cones in-
creases until a threshold is reached after which the in-
crease in fluence causes ablation. Fluence will determine
the surface morphology of the conical structure.

(3) Longer pulse width and higher pulse frequency can melt
a large volume of surface and hence can generate larger
cones.

(4) Multiple scanning of laser causes ablation of generated
cones, splattering material on the surface.

(5) Top layer cones are mostly made up of silicon with some
carbon and traces of oxygen. At higher fluence, more
silicon is oxidized. Internally cones have a homogeneous
core surrounded by an uneven layer.

(6) Generation of cones made the surface superhydrophilic.
The contact angle with water became ~ 0°.
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Further investigation will be carried out to improve the

aspect ratio of conical structures. In addition, attempts will
be made to fabricate SiC conical structures.
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