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Engineering the crystalline silicon surface by femtosecond laser processing 
in liquid: Hierarchical micro/nanostructure and amorphization 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� One-step synthesis of micro/nano
structure on silicon is achieved by fs 
laser with the sample submerged in 
ethanol. 
� Effects of laser pulse energy and fabri

cation parameters on the morphology 
and amorphization are investigated. 
� The morphology evolution is studied by 

a combination of scanning electron mi
croscope and scan probe microscope. 
� Fs laser induced amorphization of crys

talline silicon is demonstrated by Raman 
spectroscopy.  
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A B S T R A C T   

Hierarchical micro/nanostructure surface structures with different spatial characteristics are achieved after 
irradiation of crystalline silicon via femtosecond (fs) laser pulses (800 nm, 120 fs, 1 kHz) with the sample 
submerged in ethanol. According to laser pulse energy and fabrication parameters (such as scanning speed and 
superimposed writing), a characteristic morphology evolution of ovoid-like smooth modified area, ripple-like, 
wave-like, and coral-like micro/nanostructures is demonstrated, and the underline principle is discussed. The 
amorphization of fs laser-modified area is verified and investigated by Raman spectroscope. These modified 
structures have potential applications in sensors, silicon photovoltaic cells, and sterilization.   

1. Introduction 

Fabrication of hierarchical micro/nanostructures on crystalline sili
con surface is an efficient approach to achieve enhanced properties (e.g. 
superoleophobicity [1] and anti-reflectance [2]), which could have 
enormous potential applications in surface-enhanced Raman scattering 
substrate [3], antifouling coating [4], and advanced optoelectronics 

devices [5]. Various techniques have been implemented to achieve hi
erarchical micro/nanostructures on silicon. Typically, photolithography 
is adopted but this process is time-consuming, multistep, and complex 
photo mask designs are needed [6]. Metal assisted chemical etching is an 
alternative to obtain uniformity and large-scale micro/nanostructures, 
but this method is tedious and hazardous etchants (e.g. HF) may be 
employed, and the caused metal pollution is not compatible with the 
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following complementary metal oxide semiconductor (CMOS) process 
[7]. In particular, the versatile laser texturing strategy has distinguished 
itself by its flexibility, rapid mask-less single-step process, large-scale 
fabrication, eco-friendly operation, and multiparameter adjustment [1, 
4,7]. 

Compared with continuous wave lasers or long pulsed lasers (e.g. ns 
lasers), ultrafast lasers (e.g. fs lasers) can dramatically reduce the heat 
destruction due to the shorter pulse duration (i.e. much shorter than the 
electron-phonon energy relaxation time) [5,8]. The light intensity of a 
focused fs laser can reach as high as several TW/cm2, thus inducing 
multi-photon ionization or/and tunnelling ionization. As the absorption 
is non-linear, it occurs only in the focal volume [9]. The texturing ex
hibits unique properties such as high fabrication accuracy and process
ing quality [10–13]. It is reported that the morphology of ripples 
obtained by ultrashort laser pulses is more complex, compared with the 
ones obtained by long laser pulses [14]. It is demonstrated that the 
optoelectronic devices manufactured by fs laser hyper doping show 
photo response at longer wavelengths and in thinner layers than those 
prepared using ns laser; by controlling the surface morphology, the fs 
laser induced hyper doping can be adjusted [15]. Moreover, remarkable 
absorptance of modified silicon lattice can be enhanced by surface 
texturing [16]. Investigating the laser induced modifications (e.g. 
morphology), specially the ultrafast ones, is challenging and meaningful 
for a better understanding of the mechanism of ultrafast laser-matter 
interaction and providing distinct hierarchical micro/nanostructure 
surface structures for novel applications. Considering fs laser induced 
micro/nanostructure morphology is very sensitive to fabrication pa
rameters [9,11], it is essential to have a parameter guide before per
forming the fs laser irradiation to achieve the desired 
micro/nanostructures. 

Various micro/nanostructure formations can be achieved by fs laser 
irradiation of silicon under different gas environments (e.g. Cl2, H2S, 
and SF6) [17] or pressure [18]. However, the application of gas envi
ronment causes extra steps and operation complexity, and some gases 
are hazardous. It is urgent and significant to obtain micro/
nanostructures on silicon with a simpler and safer strategy. With respect 
to fs laser texturing in air, the fabrication in liquids has received 
extensive attention owing to its advantages such as lower debris left, 
unique formations of micro/nanostructures, enhanced material removal 
rates, and the versatility of liquid options [19,20]. Because of the liq
uid’s higher specific heat capacity and thermal conductivity, the thermal 
load can be dramatically reduced. It is demonstrated that the presence of 
water and the associated increased cooling rate of the molten layer, 
allows the formation of nanoscale ripple-like structure [11]. Addition
ally, liquids can affect the surface chemical modifications (e.g. lesser 
extent of the processed surface oxidation) [19]. Thus, it is important and 
practically significant to explore the mechanisms of ultrafast 
laser-matter interaction during the ultrafast laser induced micro/
nanostructure in liquids and to provide the correlation between fs laser 
induced hierarchical micro/nanostructures and laser fabrication pa
rameters (e.g. scanning speed and superimposed writing), thus guiding 
further engineering the crystalline silicon surface. 

The fs laser irradiation can induce the amorphization of silicon, 
which may have an influence on its electrical or optical properties, thus 
affecting its applications [21], or can be used as mask-less lithography 
[6]. In particular, the fs laser irradiated crystalline silicon can undergo 
complex transformations during laser ablation and structure formations 
(a non-equilibrium phase transition process) [22,23]. Therefore, it is 
necessary to provide the amorphization information (e.g. the in
homogeneity and distribution) of fs laser irradiated silicon in liquids as 
well. 

Herein, a thorough investigation is conducted on how to accurately 
control the fs laser induced hierarchical micro/nanostructures on crys
talline silicon with sample submerged in ethanol. For comparison, the 
fabrication by fs laser in air is also performed. With adjustable combi
nations of irradiation parameters (e.g. laser pulse energy and scanning 

speed) and fabrication geometry (the distance between each irradiated 
circle or superimposed writing), various morphologies are achieved on 
silicon. Finally, the inhomogeneity and distribution of fs laser induced 
amorphization of crystalline silicon are demonstrated by Raman 
spectroscopy. 

2. Material and methods 

Commercially available two-side polished P-type (boron doped) 
<100> oriented silicon (with thickness of 725 � 20 μm) wafers are used 
as substrates. Prior to laser fabrication, these wafers are cleaned by 
sonication in ethanol for five minutes for three times. Although water is 
a commonly used liquid medium in fs laser fabrication [11,19], liquid 
with a lower boiling point is more effective in reducing the formation of 
debris and the drilled hole taper angle in silicon [20]. Herein ethanol, 
with a lower boiling point than that of water and a very low extent of 
toxicity, is employed as the liquid medium. The experiments are per
formed in ambient air and in ethanol with a liquid depth of approxi
mately 3.7 mm, as shown in Fig. 1. The cleaned silicon is immersed in an 
ethanol bath. A linearly-polarized femtosecond pulse laser (UpTek So
lutions, model: Phidia-c) with central wavelength of 800 nm, a pulse 
length of 120 fs, and repetition rate of 1 kHz is used as the irradiation 
source. The laser pulse energy is adjusted by a combination of λ/2 plate 
and Glan-Taylor calcite polarizer. The pulse energy is measured just 
before the beam passing through the objective lens. The laser beam is 
focused by a 10X objective lens (NA ¼ 0.28 and WD ¼ 34.0 mm) onto the 
surface of the sample. Instead of the straight lines writing, circular tra
jectories are investigated here for the further complex pattern design. 
The interval of adjacent writing circle and writing speed (i.e. 120–2400 
μm/s) are controlled by a galvanometric scanner. The sample is totally 
dried before the following measurements. 

The morphology and the hierarchical micro/nanostructure of fs laser 
irradiated silicon are investigated by a field emission scanning electron 
microscope (SEM, Hitachi S-4800). The topography of the laser- 
modified surface is investigated by an atomic force microscopy (AFM), 

Fig. 1. Experimental setup of femtosecond laser processing in a liquid envi
ronment. The incident beam is focused by an objective lens (10X, NA ¼ 0.28, 
and WD ¼ 34.0 mm) onto the sample surface immersed in ethanol from the top. 
Laser irradiated concentric circles pattern is performed with various distances 
and scanning speeds. 
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recorded by a scan probe microscope (SPA400) in the contact mode with 
a scan speed of 1.00 Hz. The amorphization of fs laser irradiated silicon 
is recorded on a micro Raman imaging spectrometer (DXRxi) at room 
temperature with excitation at 532 nm, a 50X objective, and a 50 μm 
confocal pinhole. The image pixel size of Raman spectral mapping is 0.5 
μm. It is worth pointing out that the Raman excitation laser exposure 
may cause solid phase transformation of silicon, taking several hours 
when it is thermally activated, but typical Raman measurements of laser 
exposure are at the scale of second [24]. Considering the instability of 
amorphous phase, to avoid any damage during the Raman measurement 
(e.g. laser induced melting), a low laser power 1.5 mW is used here [25]. 

3. Results 

3.1. fs laser induced micro/nanostructure on silicon 

Fig. 2 presents the scanning electron microscope (SEM) images of fs 
laser-modified silicon surface in ethanol according to various combi
nations of laser pulse energy and scanning speed for single circle writing. 
Taking the scanning speed 2400 μm/s for example (the first column of 
Fig. 2), for the case of the lowest laser pulse energy (i.e. 56 nJ/pulse), 
ovoid-like smooth modification is obtained with the inner core diameter 
around 740 nm and the outer diameter 2300 nm. When the laser pulse 
energy is raised to 80 nJ/pulse (the middle image of the first column of 
Fig. 2), a similar ovoid-like smooth structure is obtained but with the 
inner diameter increases to around 2200 nm and the outer goes to 
approximately 3200 nm. The ratio between the two diameters increases 
dramatically from 32% to 69%. If we continue to increase the pulse 
energy to 240 nJ/pulse (the bottom image of the first column of Fig. 2), a 
well-defined ripple-like structure occurs on each dot, with a width of 
893 � 113 nm and a period of 975 � 98 nm. The period of the ripple-like 
structure is close to the used fs laser wavelength (i.e. central wavelength 
of 800 nm), which can be explained by the interference between the 
incident laser and the surface electromagnetic wave, which also can 
explain the nanostructures obtained by long pulsed lasers or continue 
wave lasers [26]. This indicates that even at a relatively low repetition 
rate of 1 kHz, there is still an energy threshold over which the thermal 
effect can overwhelm the predesigned hierarchical micro/
nanostructure. It is worth pointing out that at this high scanning speed 
(2400 μm/s), there is no overlap effect between each fabrication dot, 

and only separated dots are observed along the scanning direction. 
Scanning speed is an important parameter in laser fabrication, which 

determines the number of laser-shots at a spot, and thus affects the 
fabrication result. When the scanning speed is decreased to 1500 μm/s 
(the second column of Fig. 2), at 56 nJ/pulse, there is no special struc
tural feature from that at the higher speed one (i.e. 2400 μm/s) but the 
ovoid-like smooth modified pattern. However, at 80 nJ/pulse (the 
middle image of the second column of Fig. 2), using lower scanning 
speed can dramatically affect the structure: a ripple-like structure is 
recorded with a width of 978 � 223 nm, a length of 4181 � 394 nm, and 
a period of 1034 � 154 nm. Similar structures are obtained at 240 nJ/ 
pulse with a width of 860 � 112 nm, a length of 6981 � 290 nm, and a 
period of 876 � 66 nm (the bottom image of the second column of 
Fig. 2). When we continue to decrease the scanning speed to 600 μm/s 
(the third column of Fig. 2), a denser ripple-like structure appears. With 
the increase of laser pulse energy from 56 to 80 nJ/pulse, the widths of 
ripple-like structure are 539 � 50 nm and 563 � 117 nm, respectively, 
with respective lengths of 2573 � 173 nm and 4318 � 260 nm. How
ever, in the event of 240 nJ/pulse, a bit disordered wave-like structure is 
observed, accompanied with a ripple-like structure with a width of 528 
� 64 nm and a period of 510 � 81 nm. Interestingly, when the scanning 
speed is reduced to 120 μm/s (the last column of Fig. 2), a much denser 
micro/nanostructure is formed with some elongated extensions at the 
edge of the structure at 56 nJ/pulse. At a higher pulse energy of 80 nJ/ 
pulse, some coral-like structures occur with more protrusions. This 
phenomenon becomes very clear at an even higher pulse energy (i.e. 240 
nJ/pulse, the bottom image of the fourth column of Fig. 2), a disordered 
coral-like structure with olive-like protrusions. Meanwhile, the micro/ 
nanostructures could maintain the structure even when bending the 
scanning direction, which is promising in further design of complex 
trajectories. 

Superimposed writing (i.e. a wring pattern in which there is an 
interaction between neighboring lines) can also affect the laser fabri
cation result. Fig. 3 displays the superimposed writing (four circles with 
a distance of 1.2 μm) at different combinations of pulse energy and 
scanning speed. As we can see from the top and middle of the first col
umn or the top of second column of Fig. 3, an ovoid-like smooth struc
ture is obtained. However, at a higher laser fluence (bottom of the first 
column or middle and bottom of second column or top of the third 
column of Fig. 3), we observe some disordered wave-like structures. At 

Fig. 2. SEM images of fs laser induced micro/nanostructure on silicon of single circle at various combinations of laser pulse energy and scanning speed in ethanol. All 
scar bars are 1 μm. 
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56 nJ/pulse and 600 μm/s, the width of the pattern is 529 � 38 nm with 
a period of 520 � 28 nm. In the case of 80 nJ/pulse and 1500 μm/s, the 
width is 524 � 47 nm with a period of 530 � 94 nm. At 240 nJ/pulse and 
2400 μm/s, the width is 530 � 41 nm with a period of 552 � 48 nm. All 
of these widths and periods are smaller than those without superimpo
sition (Fig. 2). When we continue increasing the laser fluence, coral-like 
structures appear with a larger amount of protrusions (illustrated in 
bottom of third column or last column of Fig. 3). 

In comparison, surface topography of silicon, ablated in air at various 
combinations of laser pulse energy and fabrication parameter, is inves
tigated. As shown in Fig. 4a, an ovoid-like smooth modification is 
observed at a combination of low pulse energy and high scanning speed 
(i.e. 56 nJ/pulse and 2400 μm/s), which is similar to the ones fabricated 
in ethanol. However, instead of a coral-like micro/nanostructure 
observed in ethanol at a lower scanning speed, a well-defined ripple-like 
structure (with a width of 374 � 80 nm and a period of 694 � 112 nm) 
with some spatter is obtained in air, as presented in Fig. 4b. For the 
superimposed writing, illustrated in Fig. 4c, the ripple-like structure is 
separated by holes and more debris appears. As shown in Fig. 4d, at a 

higher pulse energy and a faster scanning speed (80 nJ/pulse, 2400 μm/ 
s), ripple-like structures (with a period of 773 � 58 nm) appear on 
smooth ovoid-like dots. A larger scale ripple-like structure with an 
increased width of 455 � 125 nm and a period of 798 � 84 nm is ob
tained at this laser pulse energy with a modest scanning speed for 
superimposed writing (Fig. 4e). It is worth noting that at a low scanning 
speed and superimposed writing mode (Fig. 4f and 120 μm/s), grooves 
and olive holes (with the major axis of 583 � 79 nm) are detected with 
an increase of quantity and size of the debris. These results reveal that 
liquid-assisted fs laser texturing on silicon can efficiently flush away 
debris or spatters on the periphery of fs laser-modified region, compared 
with the ones fabricated in air, which is significant in the further 
semiconductor applications [20]. 

To investigate the height information of the fs laser induced micro/ 
nanostructure, AFM measurements are conducted. As shown in the 3D 
AFM image (Fig. 5a), with the single circle writing (the top SEM image of 
the third column of Fig. 2), the peak-to-valley height is around 25 nm. In 
contrast, with the superimposed wring (Fig. 5b), a well-defined ripple- 
like structure, with a deeper structure with the peak-to-valley height 

Fig. 3. SEM images of fs laser induced micro/nanostructure on silicon of with superimposed writing (four circles with a distance of 1.2 μm) at various combinations 
of laser pulse energy and scanning speed in ethanol. All scar bars are 1 μm. 

Fig. 4. SEM images of fs laser induced micro/nanostructure on silicon in air at a) 56 nJ/pulse, 2400 μm/s, four circles with a distance of 1.2 μm, b) 56 nJ/pulse, 120 
μm/s, single circle, c) 56 nJ/pulse, 120 μm/s, four circles with a distance of 1.2 μm, d) 80 nJ/pulse, 2400 μm/s, four circles with a distance of 1.2 μm, e) 80 nJ/pulse, 
1500 μm/s, four circles with a distance of 1.2 μm, and f) 80 nJ/pulse, 120 μm/s, four circles with a distance of 1.2 μm. All scar bars are 1 μm. 
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approximately 100 nm, appears. It is worth pointing out that for the low 
fs laser fluence modified structure (Fig. 5a), some structures are below 
the pristine silicon surface, indicating the net ablation dominant. 
However for a high laser fluence (Fig. 5b), the formed structure is above 
the original surface, indicating the mechanism by deposition and growth 
[17]. 

3.2. fs laser induced amorphization on silicon 

Micro Raman spectroscopy measurements are performed on the 
modified silicon surface to investigate the amorphization that can occur. 
Two vibrational bands are related to the contributions of the micro
crystalline and amorphous phases: the dominant sharp peak centered 
around 520 cm� 1 is attributed to the transverse optical (TO) mode of 
Si–Si vibrations in the crystalline phase; the broad peak located around 

480 cm� 1 is due to the TO mode of the stretching vibration mode of Si–Si 
bonds of the amorphous silicon network [21]. 

Fig. 6a displays the Raman spectra of fs laser-modified area fabri
cated at various parameters (i.e. scanning speed and single circle or 
superimposed writing modes) and the pristine silicon. Compared with 
the pristine silicon, under single circle fs laser irradiation at a fast 
scanning speed (red curve, 600 μm/s), a broad and continuous peak, 
located at approximately 480 cm� 1 occurs (clearly shown in magnifi
cation of the inset of Fig. 6a), indicating the fs laser induced amorph
ization. This phenomenon becomes more apparent at a lower scanning 
speed (blue curve, 120 μm/s). With the superimposed writing, the 
amorphous state becomes even more salient (green curve, 120 μm/s, 
four circles with a distance of 1.2 μm). Besides the peak at around 480 
cm� 1, a broad peak centered around 150 cm� 1 also appears accompa
nying the fs laser fabrication (clearly demonstrated in magnification of 
the inset of Fig. 6a). A similar peak is also observed in glass and other 
amorphous materials [27]. In general, it is attributed to the Boson mode 
associated with the excess density of quasi-local acoustic vibrations in 
the corresponding frequency range, which arises from the lack of 
long-range order in these materials and the violation of translational 
symmetry. Amorphous silicon exhibits a broad band approximately 480 
cm� 1, with a hump around 350 cm� 1 and is also accompanied by a small 
peak around 150 cm� 1. Its peak position appears between any value 
between 475 and 490 cm� 1, depending on the preparation method [28]. 
The peaks at around 950 cm� 1 diminish as the amorphization increases. 
These peaks belong to the SiOH vibrations of the oxide layer of Si wafer. 
Their disappearance indicates the amorphization requires the removal 

Fig. 5. Topographies of the fs laser induced micro/nanostructure on silicon 
investigated with AFM: a) single circle and b) superimposed writing (four cir
cles with a distance of 1.2 μm) in ethanol at 56 nJ/pulse and scanning speed 
600 μm/s. 

Fig. 6. a) Raman spectra of the pristine silicon and fs laser irradiated zones in 
ethanol with varying fabrication parameters, indicated around each curve (the 
inset is the magnification), b) Raman spectral mapping of the irradiated zone in 
ethanol (fs laser pulse energy 56 nJ/pulse, single circle writing pattern, the 
inner circle is at 120 μm/s, the out circle is at 600 μm/s scanning speed). 
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of the surface oxide layer. 
The Raman spectral mapping of the laser irradiated circles pattern is 

illustrated in Fig. 6b. At a fixed pulse energy (i.e. 56 nJ/pulse), with the 
increase of scanning speed (the inner circle is at 120 μm/s and the out 
circle is at 600 μm/s), the amorphization zones become smaller. We 
observe an amorphization gradient from the center of the modified area 
to the margin (i.e. from blue to green then to yellow until the red silicon 
background). Interestingly, a clear boundary (illustrated by yellow in 
Fig. 6b) is observed around the silicon background and the laser- 
modified region. 

4. Discussion 

4.1. Summary of the fs laser induced hierarchical micro/nanostructure 

Fig. 7 displays the quantitative analysis of the relationship between 
the fs laser pulse energy and the width, length, and period of fs laser 
induced ripple or wave-like hierarchical micro/nanostructure at various 
scanning speeds and writing modes (i.e. sing circle or superimposed 
mode) on silicon in ethanol. As illustrated in Fig. 7a, at a low laser pulse 
energy (e.g. 56 nJ/pulse) and 600 μm/s, there is no big difference in the 
width between the single circle or superimposed mode (i.e. four circles 
with a distance of 1.2 μm): 539 � 50 nm and 529 � 38 nm, respectively. 
However, at a higher pulse energy (80 nJ/pulse) and 1500 μm/s, the 
width decreases dramatically from single circle to superimposed writing 
(i.e. from 978 � 223 nm to 524 � 47 nm). Similar results are achieved 
for the case of 240 nJ/pulse, 2400 μm/s (i.e. 893 � 113 nm and 530 �
41 nm, respectively). In addition, the width of the ripple-like micro/ 
nanostructure increases with the scanning speed for single circle 
writing. For example, at 80 nJ/pulse, with the increase of scanning 
speed from 600 to 1500 μm/s, the width varies from 563 � 117 nm to 
978 � 223 nm. For the case of 240 nJ/pulse, from 600 to 1500–2400 
μm/s, it increases steeply from 528 � 64 to 860 � 112 nm then slightly 
to 893 � 113 nm. For the lengths of the hierarchical micro/nano
structure (displayed in Fig. 7b), they are bigger at superimposed mode 
than the single circle writing one. As for the period (illustrated in 
Fig. 7c), for 80 nJ/pulse, 1500 μm/s, writing, we observe an abrupt 
decrease of period from 1034 � 154 nm to 530 � 94 nm from single 
circle writing to superimposed mode. Similar phenomena are observed 
for 240 nJ/pulse, 2400 μm/s, in which the periods are 975 � 98 nm and 
552 � 48 nm for single circle writing and superimposed mode, respec
tively. It indicates that the fs laser induced micro/nanostructure 
morphology is strongly fabrication parameter dependent, which is sig
nificant to provide a parameter guide before the fs laser fabrication. 

4.2. Formation of hierarchical micro/nanostructure on silicon 

Laser power plays a vital part in the rate of energy deposition per unit 
area, thus affecting the morphology of micro/nanostructures [9]. Shen 
et al. [11] report that with the increase of laser fluence (800 nm, 100 fs, 
1 kHz), the interaction between laser and silicon/water system can be 
classified as following: below the silicon ablation threshold, ultrafast 
melting and re-solidification with period of ripples at nanoscale (120 
nm); ultrafast melting and ablation with period of ripples equal to the 
laser wavelength; ultrafast melting, ablation, and bubble cavitation with 
the formation of microscale structures and sub-micro holes. Tull et al. 
[17] demonstrate the surface morphology evolution of silicon according 
to pulse numbers in SF6 (800 nm, 100 fs, 1 kHz): the first pulse causes 
small defects randomly distributed over the silicon surface, exhibiting 
circular shape due to the burst bubble that is frozen in place upon melt 
re-solidification; after the second pulse, ripple-like structures occur; 
after five laser pulses, the ripple disappears but with small beads; after 
ten pulses, the early formation stage is over and the final morphology is 
established; from ten to several hundred pulses, conical-like structures 
appear and finally with sphere perched on the cone, which is similar to 
the ones obtained by ns laser irradiation. It is interesting to point out 

Fig. 7. Quantitative analysis of the relationship between the fs laser pulse 
energy and the a) width, b) length, and c) period of fs laser induced hierarchical 
micro/nanostructure on silicon in ethanol. 
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that the cone’s tip is at or below the original surface, indicating that 
these cones are formed by a net ablation instead of by deposition and 
growth. In addition, liquid medium causes high aspect ratio submicron 
spikes formation; chemically active gases (e.g. SF6) have an influence on 
silicon micro cones’ shape; gas pressure generally plays a part in the 
micro cones’ size [5]. 

Typically, there are two distinct kinds of laser induced periodic 
surface structures (LIPSS, termed as ripples) with the energy below or 
close to the material ablation threshold: low-spatial-frequency LIPSS 
and high-spatial-frequency LIPSS [14]. With the increase of laser flu
ence, the LIPSS progressively evolves in microstructures (e.g. 
conical-like structure) [17]. The period of low-spatial-frequency LIPSS is 
close to the laser wavelength and can be elucidated by the interference 
of the incident laser light with the surface electromagnetic wave and this 
model can successfully explain the results obtained by continue wave 
laser or ns laser [26]. The period of the high-spatial-frequency LIPSS is 
much smaller than the laser wavelength and the mechanism is still quite 
controversial, which may be explained by several models such as 
self-organization and second-harmonic generation [29]. It is worth 
pointing out that due to the complexity of fs laser-matter interaction, 
some complex structures (e.g. periodic nanoscale phase separation [9]) 
can be obtained and the mechanisms are yet to clarify. 

Based on the above discussion, the obtained ovoid-like smooth 
modification on silicon displayed in Fig. 2 (top and middle of first col
umn) is due to the melt re-solidification. The recorded ripple-like 
structure with period around laser wavelength can be explained by 
the classic interference between the incident laser light and the laser 
induced surface plasmons. For the elongated structure (shown in Fig. 2 
last column), it can be explained by thermocapillary flow. The temper
ature gradient between the melt pool and the surrounding creates a 
surface tension gradient: the surface tension of the innermost of hot melt 
pool is lower than that of the outermost of the melt-pool [30]. 

Lower laser fluence removes minimal material from the surface. In 
contrast, at higher laser fluence, plasma density becomes higher and 
ablation is enhanced and thus the material can be ablated more effi
ciently. The interference between laser and light scattered by minor 
surface defects can also result in inhomogeneous energy deposition at 
higher energy deposition case (e.g. the case in Fig. 3 last column). 
Especially, for the superimposed writing, the existence of the previously 
discussed structures (i.e. the ripple-like structure or protrusions) are 
helpful for the following laser being coupled deeper onto material due to 
the geography [17]. Due to the melting of silicon, the nucleation of the 
liquid silicon appeared at interface, forming separated olive-like pro
trusions on the top (bottom image of the last column of Fig. 3). The 
bubble formation during fs laser fabrication may also contribute to the 
disorder of structures at high laser fluences. A lower writing speed de
posits more energy at each spatial position. On the contrary, a higher 
writing speed leads to minimal ablation to create micro/nanostructures. 
A lower scanning speed (i.e. 120 μm/s in our experiment) provides a 
higher laser fluence at each spot, leading to higher laser ablation. 
Meanwhile, at a low scanning speed the removal of silicon chunks leads 
to a higher inter-microstructure distance. 

Remarkably, the debris around the micro/nanostructure is signifi
cantly reduced with the assistance of ethanol than that of air. This is 
probably because the plasma is confined in the liquid, leading to higher 
acoustic and shock waves. Meanwhile, the formed bubbles, accompa
nied with shock waves, also contribute to the reduction of laser ablation 
induced debris [20]. 

These results reveal that just by controlling the combination of fs 
laser pulse energy, scanning speed, and writing pattern, alternative 
micro/nanostructures (i.e. an evolution from ovoid-like smooth modi
fication to ripple-like, wave-like, and coral-like structures with the in
crease of laser fluence) with lower debris can be obtained on silicon in 
ethanol. Especially, high scanning speed laser texturing of crystalline 
silicon is of commercially interest. 

4.3. Amorphization of silicon 

By carefully controlling the fs laser fluence under the ablation 
threshold, crystalline silicon can have a transition to the amorphous 
state [6,23]. The formed amorphous phase can be explained by the rapid 
cooling of liquid silicon. In details, after the rapid heating due to fs laser 
irradiation, a molten region is created and the subsequent rapid cooling 
of liquid silicon transforms it to amorphous state [31]. Izawa et al. [32] 
report that the thickness of the amorphous silicon induced by ultraviolet 
fs laser irradiation is closely correlated with the depth of melting. Bai 
et al. [21] demonstrate that the geography (i.e. fs laser induced nano
ripples) can reduce the silicon surface reflectance during fs laser abla
tion, leading to a high degree of amorphization of silicon. Costache et al. 
[23] demonstrate the phase transformations in the fs laser irradiated 
spot (800 nm, under ultrahigh vacuum) of crystalline silicon (100) from 
Si–I to the polymorphs Si-III, Si-IV, Si-XII, amorphous silicon, and a 
hexagonal Si-wurtzite phase. In the thermal affected region, the amor
phous silicon is abundant. Ionin et al. [22] show that fs laser (1030 nm, 
300 fs) can induce micron-deep positions of amorphous nano inclusions 
and high-pressure Si-III and Si-XII nanocrystalline polymorphs. 

The amorphization gradient recorded from the center of the modified 
region to the edge (Fig. 6b) is because of the Gaussian-like beam in
tensity distribution, where the fs laser fluence is the highest at the center 
zone. Meanwhile, the obtained ripple-like micro/nanostructure may 
also be beneficial to the amorphization of silicon. It is worthwhile 
mentioning that during fs laser ablation, because of the high pressure, 
the liquid silicon phase may be pushed out the molten material and 
forced to above the surface [31]. When the liquid solidifies to the 
amorphous state, protrusions appear, which may explain the observa
tion of large amount of protrusions in the last column at the bottom of 
Fig. 3. That very few SiH or CH stretches, observed in Raman spec
troscopy measurements, indicate that during the formation of the melt 
state, very few Si or H or CH radicals are generated by the fs laser 
irradiation. 

Generally, the peaks around 920 cm� 1 and 1079 cm� 1 can be due to 
the generation of Si-(OH) x and the bonds around 820 cm� 1 can be 
related to Si–O–Si [33]; the peak at 896 cm� 1 has been assigned to a 
resonance Raman scattering of oxygen dangling bonds (i.e. non-bridging 
oxygen hole centers) [34], which are not obviously identified here after 
fs laser irradiation. Three stretching modes at 2000 cm� 1, 2090 cm� 1, 
and 2120 cm� 1 can be assigned to different ordered hydrides (i.e. SiH, 
SiH2, and SiH3, respectively) [35]. As shown in Fig. 6a, no salient peaks 
at around 2000 cm� 1 and 2800 cm� 1 are observed in the amorphous 
regions, indicating that very few Si–H and Si-OC2H5 bonds have formed 
during the fs laser fabrication. 

Sun et al. [36] show that laser induced defects in silicon is laser 
fluence dependent: below laser melting, no defects are detected; be
tween laser melting and ablation, oxygen incorporation and point de
fects are dominated; above laser ablation, strain and dislocations are 
mainly generated; under laser annealing, structural defects can be 
remarkably eliminated. Wu et al. [16] report that the incorporation of a 
high density of impurities and structural defects (i.e. introducing 
infrared absorbing states near the band edge) into the silicon lattice may 
lead to a higher infrared absorptance of the modified crystalline silicon. 
When the dopant is the heavy chalcogen (e.g. selenium and sulfur), the 
doped Si shows unique optical properties [15]. Kudryashov et al. [4] 
demonstrate that sulfur doped (~3 atom %) Si nanosheets, under a 5 
mm carbon disulfide liquid layer, exhibit a strong infrared absorbance. 
Investigating further the defects/damages properties of this fs 
laser-modified surface structures will throw light on to the potential 
optoelectronic applications. 

5. Conclusions 

In conclusion, we conduct a comprehensive investigation of surface 
engineering of crystalline silicon by a flexible and controllable 
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technique, fs laser irradiation (800 nm, 120 fs, 1 kHz). The effects of 
laser pulse energy, scanning speed, writing distance, and fabrication 
environment (in air or in liquid) on the laser-modified surface topog
raphy are investigated. It demonstrates that fs laser can induce various 
types of micro/nanostructures such as an ovoid-like smooth, coral-like, 
ripple-like, wave-like structures or grooves, or holes, just by adjusting 
the laser fabrication parameters. Moreover, the amorphization of silicon 
can also be controlled. This paper can serve as a guide to the fs laser 
texturing of silicon with alternative hierarchical micro/nanostructure 
regions according to fabrication parameters. This topic may open up the 
designs of surface engineering silicon into applications in photonics and 
electrics. 
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