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A B S T R A C T

We have investigated the morphology evolution of silicon surface by laser irradiation. A pulsed ns-laser inter-
action with silicon in aqueous medium can produce self-organized microporous concave cell array structure
without any chemicals and auxiliary equipment. Low radiant power was applied to the photo-induced non-
thermal silicon surface modification. At the early stage, hemispherical patterns of 2∼ 3 µm were formed,
maintaining a constant distance from each other without merging. Due to the thermal properties of water,
subsurface heating proceeds under the silicon surface. The molten surface leads to the surface modulation to
form subsided areas or expansions by nucleation and coalescence, resulting in the formation of a concave cone-
shaped porous surface with a diameter of 10∼ 20 µm. The AFM reveals that the hierarchical hemispherical
structures of two different scales are progressing simultaneously from the early stage.

Introduction

Silicon is the abundant element on earth and has been widely used
for various applications since industrial technology has developed over
the past several decades. Many special functions are given by mor-
phological changing process, especially for porous silicon. It is available
for the state-of-the-art research such as anti-reflective optical absorber
in solar cell [1], light emission element in display device [2], scaffold
for tissue regeneration in biomechanics [3], chemical and bio-sensor
[4], and so on. Making the porous structure on the surface of metal or
semiconductor with chemical or optical methods are well known. For
example, anodic electrochemical dissolution in HF solution, etches Si in
mixtures of HF [5,6] and HNO3. Lithography with photomask, and
etching with the template are also currently in use [7]. However, these
have disadvantages of employing complicated preparations and toxic
chemicals.

Since laser technology has developed, many new phenomena for
wide interactions with materials have been explored recently. For the
peculiarity of delivering intensive energy by the form of photon within
the short duration, laser easily makes material ablation and re-deposi-
tion through solidification. As a result of interaction between laser and
matter, nanoparticle and laser-induced periodic surface structure
(LIPSS) can be formed after interaction, which can be explained with
capillary waves [8], optical interference (between the incident and

scattered light or surface plasmons at the surface) [9] and so forth.
Fundamentally, it is happening from the process of absorbed energy
dissipation. Absorbed photon can penetrate the material with creating
the phonon by lattice coupling. Radiated thermal energy produce the
thermodynamic effect to weaken the molecular bonding and remains
some traces in substance, such as Rayleigh-Benard convection [10],
Marangoni convection [11] and etc., which are the type of naturally
self-organized formation. The small amount of thermal energy can be
dissipated from the particlization by expanding the surface or from the
vaporization by mass removal with thermal energy. Large energy pe-
netrates the certain depth of layers, which causes the volume heating to
make the state of superheated liquid by increasing the temperature
higher than surface temperature. Subsequently, the expansion by nu-
cleation [12] and explosion [13] enables to eject the molten material
inside then remains the crater.

In this letter, we have attained micro-scaled porous structure with
laser exposure onto silicon wafer under aqueous media. We focused on
the low radiant power regime and observed convective thermodynamic
effect by photo-induced phonon-coupled thermal radiation purely
without any plasma, recoil pressure and annealing. We investigated the
morphology evolution of exposed surface with time variation and dis-
cussed physical mechanism related to the self-organized formation and
structure.
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Material and methods

Commercial p-type single crystalline (1 0 0) Si wafers (Virginia
Semiconductor) with resistivity of 20–25Ω·cm and thickness of
600 ± 25 μm were cleaved into small chips for target samples. A
second harmonic Q-switched Nd-YAG laser (Quantel Co., Ultra) was
equipped to generate 532-nm nanosecond (< 10 ns) pulses with a re-
petition rate of 20 Hz which has a Gaussian beam profile approxi-
mately. Dichroic mirror was employed to separate source beam into
532 nm wavelength. The silicon samples were set vertically on the side
wall inside the square quartz cuvette (Hellma, 1× 1×4 cm3) filled
with 1 mℓ of DI water. A Laser beam with the flux of 0.34 J/cm2 passed
through the side of the cuvette cell was irradiated normally onto the
surface of the Si target. We analyzed surface morphology of silicon
samples at different exposure time varied from 10 s to 1 h.

In order to check the effect of the cuvette cell, experiments were
carried out to irradiate the laser beam through the water vertically onto
the Si sample placed on the bottom of the reservoir. The results showed
a negligible difference, and the experiments proceeded in the cuvette
cell.

To observe the surface morphology changes of irradiated silicon, a
scanning electron microscope (SEM, JEOL 7500F) was exploited. For a
more detailed inspection of surface roughness, an atomic force micro-
scope (AFM, NT-MDT Co., Solver) was also used.

Results & discussion

Overall, the surface morphology modulation by laser exposure in
water medium manifest two distinct phases of different scale. At the
early stage, donut-like structure with 3-μm diameter (conveniently,
local expansion) that has an inner diameter of 1 μm appears spor-
adically with the ripple pattern (in Fig. 1a-1c). Fig. 1 shows the surface
modification depends on the exposure time from 30 s to 3min. Surface
modulation can be found faintly even at 10 s after the exposure,
whereas the relief of entire pattern is getting clear after 50 s and de-
veloped into inflated roughness after 2min. Interestingly, local ex-
panded unit cell does not seem to be enlarged with merging others, but

it keeps the balance of size and distance between themselves closely.
Hence, filling the whole area with uniform unit cells establishes the
typical Turing Pattern [14,15] implies that the thermal energy ex-
change is effectively activated and the dominant mechanism of energy
transfer on the surface is not by diffusion but by waves. In the image of
3-minute exposure (Fig. 1d), relatively large scaled expansions of
10–20 μm diameter (macro expansion) appears. It is a contrast to the
local expansion with the period of 2 μm, which starts with the larger
convective current inside and a thickened molten layer originated by
local instability.

After 4-minute exposure, macro expansions are primarily produced
while local expansions become indistinct (see Fig. 2a and b). The ex-
plosions from the surface are displayed with the radially extruded side
around the entrance of a deep hole and nano-scaled debris which were
found around the exploded structure. Such a submicron structure is
vaporized and changed to smooth shape as time passes. Fig. 2c shows
that both macro and local modulation exist together in this region, but
the center of macro structure is subsided instead of making explosions.
Fig. 2d, which is an enlarged picture of Fig. 2c, shows a concave
structure which is the earliest stage of the hole formation. Fig. 2e shows
the concave structure with a hole and the early stage of concave cell
together. Basically, location of macro unit cell formation follows the
distribution of Rayleigh-Benard convection that is rising on the edges
and sinking into the center of the cell in this case [15]. Besides, this
fluctuation occurs at the interface between two fluids of different
densities [16]. When the lighter fluid pushes the heavier fluid, expan-
sion-like bubble flows upward and sinking hole flows downward [17].

Once the surface is modulated, absorbed energy is relatively de-
creased at the inclined surface, whereas in the area on top and bottom it
is increased. Consequently, the molten region of the concave bottom
spreads along the periphery wall and sinks downward. Due to the effect
of high density energy localization by surface reflective focusing, a
deeper hole is created in the bottom area [18]. Macro-scaled unit cells
are going to be crowded and become the concave structure of diameter
10–20 μm surrounded by separation walls afterward. Finally, they
transform into distorted hexagonal cells in irregular arrangement (as
shown in Fig. 2f). It is a similar manner with the well-known

Fig. 1. SEM images of silicon wafer surface irradiated by laser pulses under DI water, (a) 30 s (600 pulses), (b) 50 s (1,000 pulses), (c) 2 min (2,400 pulses), and (d)
3 min (3,600 pulses) exposure.
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honeycomb of natural hexagonal structure that is changed from round
cells through the thermal adjustment in the wall of unit cell [19].

After 20min of exposure, particles and hair-like rod are found on
the wall of unit cell as shown in Fig. 2f. For the feature of protruding
structure, vaporization and droplet-away with particlization [16] ac-
tively occur on the wall of the concave cell. On the other hand, concave
area gradually turns into a deeper and larger circular cone-shaped holes
because of melting and etching with localized high density energy [18].
As the eroding of unit cell by vaporization brings a steeper slope of the
wall, breakdown of the walls starts at the center of the beam spot after
15min of exposure.

Fig. 3 contains the various stages of silicon surface modification by
1 h of irradiation. Energy dependence of surface morphology evolution
is exhibited with a magnified image (Fig. 3a) from the center of the
beam (right side) to the outer boundary. At the outer boundary with
low fluence, capillary ripples are shown like frozen waves on the sur-
face (Fig. 3b). More evident changes of grooves are observed with
holed-concave surface structure in the inner side of the beam (Fig. 3c).
Polyhedral cell arrangement with vivid edge of a unit cell is located in
the center area of the beam (Fig. 3e). The breakdown of the separation
walls results in the complicated eroding structure at the center of the
beam (Fig. 3f).

Air does not transfer much thermal energy owing to low density and
low conductivity [20]. When the laser beam with low fluence shines
onto silicon wafer in a water medium, water on the surface of silicon
behaves like a laminar heat reservoir [21] which can keep the much
large amount of radiant heat from the silicon because of high density

(1,000 times higher than air), high specific heat (6 times than Si, 4
times than air) and high conductivity (over 20 times than air). Ac-
cordingly, water has a steep thermal gradient against ambient medium
and its temperature does not change rapidly due to the low thermal
conductivity (200 times lower than Si) so that ‘heat cover’ [21] layer
with small heat affected zone exists at the interface between silicon and
water. This region leads to thermodynamic strain and causes surface
roughness modulation on the silicon surface [16].

While the silicon surface is being cooled by water, the temperature
inside silicon rises above the surface temperature and superheated li-
quid state [22,23] is proceeded by subsurface heating due to the limited
absorption depth of the laser beam. Thus the heat exchange occurs to
compensate this thermal difference, which is manifested by modulation
of the surface with local expansions (see Fig. 4a). Repeated short-term
thermal gradients by laser pulses give gradual changes in the initial
orientation of the molecules by shear stress. As a result, because of the
difference of the thermal conductivity, the heat flux is deflected from
the normal direction to form ripple patterns.

Whereas the local expansion is caused by the distribution of the
thermal wave at the interface between the silicon surface and water, the
creation of the macro expansion is slightly different. When a laser beam
incident onto a material, photons transfer the thermal energy into the
lattice of material. Due to the water, remaining thermal energy not
dissipated through the surface contributes to the volume heating which
causes the expansion and change of the lattice structure.

Although the laser-induced heat in silicon dissipates and tempera-
ture distribution is uniform, consecutive laser pulses may gradually

Fig. 2. SEM images of the process of forming macro
expansion by time evolution. (a) 4min (4,800
pulses). The explosions on the surface have occurred.
The ripple structure of early stage and macro-scaled
exploded cell exists together. (b) Magnified image of
(a). The eruptive craters and ejected particles after
the surface explosions. (c) 7min (8,400 pulses).
Modulated concaves are going down with melting
remains at the bottom and finally hole is formed after
subsidence. (d) Magnified image of (c). (e) A more
developed concave feature and the stage before the
concave feature formation. (f) After 20min (24,000
pulses). Particle on the rod at the top of the wall after
forming the irregular concave cells.

J.-G. Son et al. Results in Physics 12 (2019) 46–51

48



change the optical and thermophysical properties of silicon. Thus, the
following pulse comes to a modified surface that can be important for
the formation of the observed structures under the multi-pulse irra-
diation conditions. During the expansion, subsurface heating widens
the gap among the molecules to form space and promote void growth.

Inside the surface with high thermal energy, mass transportation is
more effective than diffusion in order to solve the thermal imbalance

with the outside, which forms the thermal strain of the molecules and
forms the molten area due to defects of the lattices [16]. Naturally, a
complex type of heat exchange system finally forms a heat exchange
cell having a hexagonal pattern like Rayleigh-Benard convection. The
difference of the thermal flux changes the optical absorption coefficient
of the material, which accelerates the modulation of the material. The
coalescence of the voids leads to a volume expansion and forms break

Fig. 3. SEM images of a representative area of 1 h (72,000 pulses) exposed silicon surface in a water medium, (a) Magnified image of the dashed rectangular area in
(d), (b) Capillary wave formation in outer areas, (c) Concaves and holes in the boundary area, (d) Full image of the beam spot on the silicon surface, (e) Porous
structure in the inner area, (f) Breakdown of the wall of the unit cell in the center.

Fig. 4. A schematic diagram of the process (a) Local expansions at the early stage. Wavy and filled arrow symbols represent the direction of the thermal gradient and
surface deformation at local expansion. (b) A macro expansion by subsurface heating. Blank and round arrow symbols represent the direction of the surface
deformation in macro expansion and thermodynamic strain.
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points at the relatively cold surface. At this time, the substances in the
superheated liquid state of the subsurface undergo rapid phase transi-
tion, and ejection occurred. As a result, it remains the concave porous
structure with the distorted hexagonal arrangement. Whereas, on the
unexpanded concave surface, the subsurface heated area is easily per-
forated owing to the energy concentration [18] by the curved surface
and enters deeply in the depth direction (see Fig. 4(b)).

After receiving the large amount of energy from the heated surface
due to the high specific heat, water has a steep thermal gradient with
low thermal conductivity. In order to resolve the thermal difference at
the cold water side far from the surface, mass transportation by density
results in convective flows. This thermal instability affects the thermal
distribution over the surface by organizing the distorted thermo-
dynamic hexagonal cell formation with the unit cell having cold and
hot area. Thermodynamic formation is attributed to surface tension
gradients to cause the shear stress in the phase boundary of silicon so
that irregular cell formation appears on the silicon surface.

Fig. 5 shows the typical features of the expansion by thermo-
dynamic convection. On the top of the ridge, there is a heat stagnation
point [11], where the heat stagnates and the temperature drops. Ac-
cordingly, this area has high tensile force to make the breakup point,
and then remains the upwelling point with cavity. Ridges were formed
by surface expansion in hot areas while troughs in cold areas (Fig. 5a).
They make the groove following their thermal distribution and finally
make the typical form of g-type Rayleigh-Benard convection [25] that
rises on the edges and sinks in the center. Thus, the results can support
the idea that convective flow existed inside of material during super-
heated state.

Status of thermal circulation in a unit cell can be confirmed by
calculation of Prandtl number defined by kinematic viscosity ν over
thermal diffusivity α. (ν= μ/ρ, α= κ/(ρCp,), κ is thermal conductivity,
Cp,is specific heat, Prandtl number= ν/α= μ/(ρα)). According to si-
licon viscosity μ of around 0.75 [mPa⋅s] at melting temperature [24],
silicon density ρ and diffusivity α of 0.8 [cm2/sec], Prandtl number of
molten silicon becomes 0.00365. This value is much smaller than the
critical Prandtl number so it belongs to g-type hexagonal formation
[25] that has the inflated boundary of each cell. This explains the shape
of the macro expansion when it begins to occur. Thus, we can distin-
guish the macro expansion of the embossed form by partial heating at
an early stage from the macro expansion applied by the convection
mechanism.

The explosions on the surface occur mainly in the trough area, al-
though homogeneous nucleation by subsurface heating [22,23] is taken
place equally by absorbing the same amount of energy through the
same area. It is not only the reason that cold area has higher surface
tension than hot area, but energy is also localized at the trough of the
surface [18]. Therefore, the explosion zone naturally accompanied with
the sinking zone (Fig. 5b) can be seen in the porous structure.

The silicon surface was examined with an AFM to clarify the for-
mation of the macro expansion. Fig. 6a and 6b shows the top view and

the perspective view of the regular porous structure after laser irra-
diation of 50 s, respectively. Fig. 6c shows the surface roughness along
the line in 6a and period of 2–3 μm. As can be seen in Fig. 6d, the macro
expansions (black dotted line) are proceeding with the local expansions
at the early stage of the surface modulation progress. It is obviously
disclosed that surface modulation starts with spike-like (actually in-
flated wall of the unit cell) local growth to remove the thermal energy
and makes round cell formation by thermal convective temperature
distribution macroscopically. Interestingly, the local expansion on the
macro expansion can be morphologically recognized as surface tension-
dominant Marangoni convection [10,11] that is bound to the surface.
The macro subsurface expansion by the penetrating volume heating is
of about 10–20 μm and the local expansion is of about 2-μm period on
the surface. Therefore, it was found that the hierarchical structure built

Fig. 5. Images of modulated silicon surface of (a) ridge and trough structure, (b) explosion zone and subsided zone.

Fig. 6. AFM images of silicon wafer surface after laser irradiation of 50 s (1,000
pulses). (a) Top view of the surface shows honeycomb-like array pattern, (b)
Perspective view helps to see a more realistic feature on the surface, (c) Surface
roughness along the line in (a). It shows the period of 2–3 μm and height of
50–150 nm, (d) Perspective view with modified height scale of nanometer.
Dotted lines show that macro expansions occur concurrently under local ex-
panded cells of 2–3 μm.
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up by laser exposure was proceeding with two different scales si-
multaneously.

Conclusion

We demonstrated that pulsed nanosecond laser interaction with si-
licon in aqueous medium can produce self-organized microporous array
structure and investigated the time-dependent morphology evolution.
Any chemicals and auxiliary equipment are not necessary to produce
this structure except laser and water.

The thermal gradient formed by the laser in a short time causes the
shear strain and induces the deformation of the lattice structure on the
molecular scale. These initially created lattice defects and provided a
critical starting point for subsequent shape deformation. The accumu-
lation of gradual changes of solid surface in these microscopic time
scales completes the general thermodynamic law seen on the liquid
surface in macroscopic time scale.

We have made the concave cone-shaped porous structure by using
the surface explosions like a boiling surface and this is supposed to be
the helpful attempt for elucidating the phenomena for further re-
searches.
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