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Thus far, femtosecond laser-induced periodic surface structures (LIPSS) on the surfaces of solid 
materials have been studied in air and liquids. However, few studies have investigated LIPSS for-
mation on a solid surface through a solid transparent medium material. In the present study, LIPSS 
are formed on a silicon wafer surface covered with optical glass (glass environment) and compared 
with those formed in air. The periodicities of low and high spatial frequency LIPSS (LSFL and 
HSFL, respectively) formed in the two environments are 650 and 200 nm, respectively. In glass en-
vironment, LSFL can be induced by laser fluence of 410 mJ/cm2, which is much lower than that of 
570 J/cm2 used in air. Moreover, LIPSS formed in glass environment are rough, contradicting a pre-
vious report on LIPSS formation in liquid environments. The possible mechanisms forming the dif-
ferent structures in the two environments are discussed. 
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1. Introduction 
Laser-induced periodic surface structures (LIPSS) were 

first experimentally observed by Brinbaum in 1965 [1]. 
Since then, they have been studied on various solid materi-
als such as metals, semiconductors, insulators, and alloys in 
air [2-7]. Upon irradiation using a linearly polarized femto-
second laser pulse, the formation of two distinct types of 
LIPSS-low and high spatial frequency LIPSS (LSFL and 
HSFL, respectively)-has been observed. The spatial perio-
dicity of LSFL is usually shorter than the laser wavelength 
owing to interference between the incident laser beam and 
the surface-scattered light [8], nonlinear energy absorption 
and non-equilibrium thermodynamics process [9-11], local 
field enhancement [12,13], or surface plasmon modes [13-
15]. Furthermore, the spatial periodicity of HSFL is much 
shorter than that of LSFL. Irradiation using a laser with 
energy near the threshold involved in the formation of 
LIPSS structures has many applications including switch-
ing transistors [16], MEMS [17], and photovoltaics [18]. 

Apart from air, many researchers have produced femto-
second LIPSS on solid materials in liquids because liquids 
can provide a better heat sink, cool the sample surfaces 
efficiently, and reduce laser-induced residual thermal dam-
ages. Albu et al. [19] reported the formation of LIPSS on 
metallic films (Cr, Ti, and W) in water (H2O), ethanol 
(C2H5OH), and chloroform (CHCl3). They observed LSFL 
and HSFL with periodicities of 350-600 and 50-200 nm, 
respectively; furthermore, the periods of the structures 
formed in liquids were several times smaller than those of 
the structures formed in air. Liu et al. [20] systematically 
investigated the interaction of a femtosecond laser pulse 

with silicon in water, alcohol, and air. They found that the 
threshold fluence of Si was reduced by the presence of liq-
uids (water/alcohol) and that the ablation depths of craters 
were deepened in water environment. SEM images showed 
that LIPSS formed in liquid environments were smooth 
because liquids could remove ejections. Thus far, studies 
on LIPSS have mainly focused on the surfaces of solid 
materials in air or liquids [19,20]; in these studies, laser 
irradiation occurred at the air/solid or liquid/solid interface. 
However, to our knowledge, there are no investigations 
about laser irradiation at the transparent-solid/solid inter-
face. 

In the present study, we investigate periodic surface 
structures induced by femtosecond laser irradiation on a 
silicon wafer in air and glass environments. In the latter 
case, an optical glass sheet was used to cover the silicon 
wafer surface tightly to ensure that no air bubbles remained 
entrapped at the glass/silicon interface. The morphological 
characteristics of optical glass and silicon were investigated 
by field-emission scanning electron microscopy (FE-SEM, 
Hitachi, Japan), and atomic force microscopy (AFM, 
Bruker, USA).  

2.  Experimental section 
In our experiments, we used a 300-µm-thick single-

crystal polished silicon (100) wafer and 1700-μm-thick 
optical glass sheet as the sample. The root-mean-square 
surface roughness (dRMS) values of the optical glass and 
silicon wafer were ~0.26 nm and 0.29nm, respectively. 
Before the experiments, both the Si wafer and the optical 
glass were cleaned in an ultrasonic bath for 15 min in ace-
tone and rinsed in alcohol. 
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The optical glass sheet and silicon wafer were put to-
gether tightly. Then, the sample was illuminated by infrared 
light and CCD was used to detect the transmission signal to 
observe if there were any air bubbles entrapped at the 
glass/silicon interface [21]. If there were, interference 
would be generated due to different optical path and 
formed the Newton ring. In this work, the transmission 
signal showed no obvious defects, revealed that no air bub-
bles were entrapped at the glass/silicon interface.  

A Ti:sapphire oscillator amplifier (Coherent, USA) was 
used as the femtosecond laser source. The well-defined 
Gaussian-shaped output beam has a laser pulse wavelength 
of 800 nm with pulse duration of 35 fs. Its maximum pulse 
energy is 4 mJ and repetition rate is 1 kHz. The laser beam 
was adjusted using a combination of a half-wave plate and 
a linear polarizer and then focused on the sample surface 
through a lens with a focal length of 25 cm. The sample 
was mounted on a computer-controlled three-axis (X-Y-Z) 
stage (PI, USA). The fluences were estimated hereinafter 
by using the relation F=2Ep/πω0

2=2Ep/(πD2/4), where Ep  
is the average energy per pulse and D ≈ 25 μm is the 
Gaussian beam diameter at 1/e2 at the surface of the sample 
measured with a CCD camera. Throughout the laser exper-
iments, the fluence of silicon surface was F = 300-600 
mJ/cm2, corresponding to Ep = 0.7-1.4 μJ. This fluence was 
similar to the ablation threshold Fth= 400-500 mJ/cm2 and 
much higher than the melting or modification threshold Fm 
= 260-350 mJ/cm2 of crystalline Si for a single fs laser 
pulse at λ ~800 nm in air [22, 23]. Fig.1 shows a schematic 
diagram of the experimental setup.  

 
 

                                    
Fig.1 The optical path used in glass environment and assem-

bly drawing of sample 
 
The focal planes in air and glass environments were ad-

justed along the optical axis (Z-axis) to z = 0 and z = 1.2 
mm, respectively. Laser fluence of 570, 410, and 300 
mJ/cm2 and writing speed of 1 mm/s were used. The writ-
ing direction of the laser beam was parallel to the laser po-
larization direction. After laser irradiation, the optical glass 
covering the silicon wafer was removed. Then, the sample 
was treated in an ultrasonic bath for 5 min in both deion-
ized water and acetone to clean the residual ejections of 
material off the surface. 

3.  Results and discussion 
The pulse number of the laser in per unit area could be 

calculated using the equation N = 2r0ƒ/ν, where r0 (μm) is 
the beam radius at the focal plane; ƒ (Hz), the frequency of 
the laser pulse; and ν (μm/s), the moving speed of the sam-
ple. So, in the case of our experiment, the pulse number of 
laser in per unit area was almost 25. Fig.2 shows FESEM 
images of the structures formed on the silicon wafer sur-

face at different laser pulse energies in the two environ-
ments. In air environment, as shown in Fig.2 (a, b, and c), 
for a laser fluence of 570 mJ/cm2, relatively uniform LIPSS 
with periodicity of 650 nm were formed [(Fig.2 (a)]. How-
ever, some etched pits appeared in the center region mainly 
because the Gaussian laser beam used has relatively high 
energy in this region. At pulse energies of 410 and 300 
mJ/cm2, similar LIPSS but with incomplete structures and 
reduced average depth were formed on the silicon wafer 
surface. In glass environment, as shown in Fig.2 (e), for a 
laser pulse energy of 410 mJ/cm2, which was much lower 
than that in air environment, uniform LIPSS were formed. 
At laser fluence of 570 mJ/cm2, LIPSS were formed only in 
the periphery of the laser-treated areas whereas the silicon 
surface was damaged in the center region [Fig.2 (d)]. Fig.2 
(f) and the magnified view in Fig.2 (g) show that HSFL 
with a periodicity of 300 nm were formed in the periphery 
of areas treated with a much smaller laser fluence. In two 
experiments, the orientations of two types of LIPSS were 
both perpendicular to the laser polarization direction. SEM 
images of areas treated with the same pulse energy showed 
that structures formed in the glass environment were 
rougher than those formed in air, which contradicted a pre-
vious report [20] that structures formed in liquids environ-
ments were smooth. This is mainly because the confine-
ment of glass, most of the ejections will deposit on the sili-
con surface during laser experiment immediately. In con-
trast, ejections will be removed by airflow in air environ-
ment, and bubbles formed during laser treatment in liquid 
environment. Seen from the Fig. 2, the ejection particles si- 

Fig.2 FESEM images of the laser treated Si area with the dif-
ferent laser pulse energy when the scanning speed is 1 mm/s in 
two different environments. Inset (g), the magnification image of 
HSFL 

 

Fig.3 FESEM image of the glass surface after femtosecond la-
ser treatment with the fluence of 410mJ/cm2.(The arrow towards 
the direction of laser pulse writing.) 

 
zes deposited on the silicon surface were almost in the 
range of 10-100 nm. Such ejections would not affect the 
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subsequent laser pulse with the beam diameter of 25 μm. 
Fig.3 is the FESEM image of glass surface after laser 
treatment with the fluence of 410 mJ/cm2, which shows a 
few ejections deposited on the glass surface. 

Fig.4 shows AFM images and sectional view of the uni-
form LSFL treated by a femtosecond laser in both envi-
ronments. From the sectional view, the average depth of the 
LSFL formed in glass environment with laser fluence of 
410 mJ/cm2 is 320 nm, which is approximately equal to the 
structure depth of 300 nm formed in air environment with 
laser fluence of 570 mJ/cm2. The modulation depth pro-
duced in glass environment is much deeper than the one 
previously reported [19]. The AFM images showed that 
LIPSS formed in glass environment were uniform mainly 
because glass can confine ejections to provide uniform 
conditions on the silicon surfaces during laser beam irradia-
tion. In air and liquid environments, ejections or bubbles 
would distribute around the silicon wafer surface and sub-
sequently interact with the incident laser beam. Then, scat-
tering, absorption, and other processes would create nonu-
niform conditions on the silicon wafer surfaces, leading, 
finally, to the formation of nonuniform structures on the 
silicon surfaces. 

 

Fig.4 AFM images and sectional view of LIPSS: (a) in air en-
vironment with laser fluence of 570 mJ/cm2; (b) in glass envi-
ronment with laser fluence of 410 mJ/cm2 

 
The reduction in laser fluence when forming LIPSS in a 

glass environment could be explained by the energy loss 
caused by interfacial reflection as given by the following 
equation: R=((n-n0)2+k2)/((n+n0)2+k2), where R is the re-
flection coefficient; n and k are the real and imaginary parts 
of the refractive index of the target, respectively; and n0 is 
the refractive index of air. As reported previously [20], a 
laser-treated silicon wafer in liquid environments could 
reduce the ablation threshold fluence owing to the different 
optical properties at the interfaces of transparent mediums 
and the silicon wafer. The reflection-induced energy loss in 
water and alcohol is 9% and 10% lower than that in air, 
respectively. In our experiments, the laser would be reflect-
ed at the air/glass and glass/silicon interfaces. Specifically, 
in air environment, the laser would be reflected at the 
air/glass interface; while in glass environment, the laser 
would be reflected at the air/glass and glass/silicon inter-
faces. At the air/glass interface, considering k = 0 for glass, 
R is calculated to be 4.3×10-2, and at medium/silicon inter-
faces, considering n and k for silicon (λ = 800 nm, 300 K) 
to be 3.42 and 0.004, respectively, R is calculated to be 

3.00×10-1 and 1.46×10-1 for air and glass, respectively. 
Therefore, for the same incident laser fluence, the reflec-
tion-induced energy loss in ambient air is 11% higher than 
that in the glass environment. Therefore, more energy can 
be injected into the sample surfaces in glass environment. 

Formation of sub-wavelength LIPSS on silicon could 
be well explained by the interference of laser light with 
SPPs [15]. Due to the experimental condition of F > Fth, 
for crystal-Si (c-Si), the superimposed shots of fs laser 
pulse will form a thin amorphous-Si (a-Si) layer of a few 
tens of nanometers in thickness [22, 23] in which incident 
laser pulse will predominantly produces a high density of 
free electrons Ne; the optical properties of a-Si layer should 
be determined by abundant hot electrons rather than the c-
Si. Then, the SPPs can transiently be excited via the coher-
ent coupling of the incident laser pulse with the randomly 
corrugated surface, where the a-Si layer including Ne 
works as a thin metal layer between glass and the c-Si sub-
strate for the excitation of SPPs [24]. This excited material 
layer including Ne works as a thin metal layer and supports 
the formation of SPPs which in turn undergo interference 
with the laser light leading to the formation of sub-
wavelength features [24]. SPPs can be excited when the 
familiar dispersion relation ( ) dds εεεελλ ,,

0 /+=   is 
satisfied [24], where λ0 and λs are the wavelength of inci-
dent laser and surface plasmons, ,ε  is the real part of the 
dielectric constant of a-Si, and 

dε  is the dielectric constant 
of glass. Spatial period (Ʌ) of the ripples formed by the 
interference of laser with SPPs is expressed as Ʌ =λ0 / (λ0 / 
λs ± sinθ). In the present experiments, laser is incident nor-
mally (i.e., θ=0º) on the silicon surface, therefore, the spa-
tial period can be expressed as ( ) dds εεεελλ ,,

0 /+==Λ . 

In the calculation of λ0=800nm, we used ,ε =14.9+i0.627 
[25] and 

dε  =1.1-2.2 [26], the calculation periodicities are 
Ʌ = 580-790 nm, which is in good agreement with the ob-
served uniform periods of 650nm. 

4. Conclusions 
The laser fluences of LIPSS formed in glass and air en-

vironments were 410 and 570 mJ/cm2. The lower laser flu-
ence in glass environment was attributable to the decreased 
reflectivity at the glass/silicon and air/glass interfaces with 
the incident laser pulses energies. The modulation depth 
produced in glass environment is much deeper than the one 
previously reported. Moreover, laser writing speed used in 
experiments is 1mm/s, faster than many previously report-
ed, indicated fewer laser pulses exit in per unit area. This 
work provides an efficient way to produced large uniform 
LIPSS on advanced electro-optic devices. The formation 
mechanism of LSFL in the two environments was ex-
plained by the SPPs models. 
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