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Abstract. A detailed study is done on the growth of microstructures and sub-wavelength laser-induced periodic
surface structures (LIPSSs) on silicon (Si) surface using nitrogen (N2 ) nanosecond (ns) laser processing in air.
The period of LIPSS is found to be as small as 37 nm which is close to λ/9 times the irradiated laser wavelength
(337 nm). In the optimised condition the sums total of reflectance (specular reflectance + diffuse reflectance) was
found to be as low as 10% for a broad wavelength range. The reflectance behaviour has been correlated with the
morphology of the generated microstructures.
Keywords. Nitrogen laser; microstructures; sub-wavelength laser-induced periodic surface structures; total
reflectance.
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1. Introduction
Microstructures on the Si surface are found to be very
promising in photonic applications such as photovoltaic
cells, photodiodes, photodetectors, surface enhanced
Raman spectroscopy, etc. [1–10]. The reflectivity of
the Si surface is reduced significantly due to the light
trapping effect. This reduced reflectance in turn gives
higher efficiency to the aforementioned photonic applications. Using laser is a promising and advanced method
for the generation of microstructures on the surface of
Si for reducing reflectance. This method modifies the
surface properties of materials through the generation
of microstructures on it. Laser texturisation is an optimised, contactless method and has numerous merits: (i)
this method can form various types of microstructures
with direct and less processing steps, (ii) is convenient and well controlled, (iii) is reproducible, (iv) can
be adopted for all types of Si and (v) is a dry process. Numerous works have been carried out using this
method for reducing the reflectance of monocrystalline,
polycrystalline and bulky amorphous and thin film of
Si. Nevertheless, these works have mostly been done by
expensive pulsed solid-state lasers [11–20]. The pulsed
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N2 laser like NL 100 (Stanford Research Systems) is
a low-cost gas state ns laser. This laser has already
been used for microstructuring on Si surface [21]. However, in that work, almost all experiments were done
in vacuum and very limited experiments were done for
generating microstructures on the Si surface in air. Particularly, no systematic investigation has been done on
finding the morphology of the Si surface microstructure in different working conditions of processing in
air. Unlike vacuum, processing in air does not need
any sophisticated equipment. Due to this, if a material
of optimised property can be realised in laser processing in air, the cost of the device made of this material
can significantly be reduced. For this, in the present
work, detailed systematic investigations have been done
on the morphological characterisation of the Si surface textured by N2 laser in air. Further in this work,
the study on reflectance behaviour has been done on
the generated microstructured Si surface for its optical characterisation. Efforts have been taken to find
the correlation between the reflectance and morphology of the structures generated in different working
conditions. The significance of the obtained results is
discussed.
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2. Experimental details
2.1 Si Surface texturing
The typical experimental set-up used for this work is
shown in figure 1. These experiments were done using
a N2 nanosecond (ns) laser (NL 100, Stanford Research
Systems). The wavelength, repetition rate, energy and
duration of the laser pulses were 337 nm, 20 Hz, ∼3.5
ns and 170 μJ respectively. The mirror (M1) is used
to direct the laser pulse onto the sample (S). The laser
pulses were focussed onto the sample by a cylindrical
lens of 25 mm focal length. The sample was placed on
a highly precise computer-controlled motorised X–Y
stage. The laser texturing experiments were done in air.
A charged coupled device (CCD) camera was used for
real-time monitoring of the laser material processing.
Two types of experiments were carried out. The first
type of experiment was done in smaller area for processing parameter optimisation. It was done in smaller
linear line scanning mode, i.e. in this experiment in
every step short processed region of 0.5 mm length
was created on Si(100) sample (thickness = 300 μm)
by linearly scanning it through the focus of the laser
beam. For each processed region, the energy of the laser
pulses was kept the same (170 μJ) but the scanning
velocity of the sample was varied in the range of 0.5
to 0.05 mm/s. For optical characterisation and application, large-area microstructuring of the Si surface is
generally essential. The second type of experiment was
therefore done for creating microstructures in larger area
(1 × 1 cm2 ) of the Si surface by the raster scanning
mode. This large-area microstructuring was done with
two scanning velocities, 0.5 and 0.05 mm/s, keeping
the repetition rate (20 Hz) and energy (170 μJ) constant. Taking the feedback from short-area texturing,

Figure 1. Schematic of the experimental set-up (M1=
reflecting mirror, CCD camera = charged coupled device
camera, L = lens, S = sample).
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the spacing between the scanning lines has been kept at
80 μm. We did not have the beam profiler to precisely
estimate the Gaussian profile. However, the beam profile as seen in a low-resolution webcam was found to be
rectangular. Considering this and the FESEM image of
the laser damage spot (described in detail in results and
discussion section) through theoretical analysis by the
standard procedure (https://www.lasercalculator.com/
laser-spot-size-calculator/) in our experimental condition, it is revealed that the beam may contain 5 Gaussian
sub-beams of waist 0.7 mm each before the lens.
2.2 Characterisation of the generated surface
microstructures
2.2.1 Morphological characterisation. Field emission scanning electron microscopy (FESEM, JEOL)
study was carried out for the detailed morphological
characterisation of the generated Si surface
microstructures.
2.3 Reflectance study
The optical characterisation of the generated surface
microstructures was done through total reflectance measurement. Here total reflectance indicates the sum total
of diffuse reflectance and specular reflectance. A spectrophotometer (UV-2450, SHIMADZU) attached with
an integrating sphere was used for this measurement.
The working wavelength range was from 330 to 850 nm.

3. Results and discussion
3.1 Generation of organised microstructures
Figure 2 represents the FESEM images of the microstructure generated in single linear line scanning mode. The
orientation of the Si sample scanning was in horizontal
direction. Double-sided arrows are used in figure 2 to
represent it clearly. Figure 2a shows the microstructures
generated on the Si surface when the sample scanning
velocity is 0.5 mm/s. It reveals that each laser damage spot consists of five circular microstructures closely
arranged in vertical direction. This happens because the
N2 laser pulse consists of five sub-pulses having Gaussian spatial profile. These microstructures appear due
to the single pulse and diameter of each of the circular shaped microstructure region is ∼15 μm. It also
shows that each circular microstructure appears due to
the melting process. Due to higher scanning velocity of
the sample, these microstructure regions do not overlap
and some unstructured region lies between them. Similarly, for velocities 0.4 mm/s (figure 2b) and 0.3 mm/s
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Figure 2. FESEM images of the Si surface textured using
N2 ns laser in air with a constant repetition rate of 20 Hz for
velocities (a) 0.5 mm/s, (b) 0.4 mm/s, (c) 0.3 mm/s, (d) 0.2
mm/s, (e) 0.1 mm/s and (f) 0.05 mm/s.

Figure 4. FESEM images of N2 ns laser treated large area
Si textured in air when the scanning velocity is (a) 0.5 mm/s
and (b) 0.05 mm/s.

Figure 3. The variation of periods of the Si microstructures
with respect to the scanning velocity of the sample.

(figure 2c), complete overlapping of the microstructure
region is not observed. A complete overlapping of the
microstructure is observed when the sample scanning
velocity decreases to 0.2 mm/s (figure 2d), 0.1 mm/s
(figure 2e) and 0.05 mm/s (figure 2f). Such overlapping
is very much essential for the generation of high-density
microstructures on Si as can be seen in figure 2f.
It is found that the horizontal period of the generated
microstructures is equal to the distance travelled by the
sample in the time interval between two consecutive
laser pulses. From figure 2, it is also observed that this
period can be varied very precisely with the scanning

velocity. This type of variation is revealed in figure 3.
This figure explicitly shows that the period varies from
15 to 3 μm by decreasing the velocity from 0.3 to 0.05
mm/s. So, this is one type of organised microstructures whose period can be controlled by sample scanning
velocity. Further, it is to noted that the width of the damage spot size in our case is 15 μm. So, the periods of the
microstructures demonstrated in this work are smaller
than the size of the damaged spot. This is a unique finding of the present work.
Figures 4a and 4b show the FESEM images of
microstructures generated on the Si surface in large
area in raster scanning mode at velocities 0.5 mm/s
and 0.05 mm/s respectively. For each case, the laser
pulse repetition rate and energy are 20 Hz and 170 μJ
respectively. Figure 5 represents the large-area images
taken by USB digital microscope endoscopic camera
of these microstructure. These figures indicate that the
microstructures generated in large area are very uniform.
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Figure 6. (a) The FESEM image of a linear line textured
using N2 ns laser in air with a velocity of 0.1 mm/s with a
period of 4.48 μm and (b) the regions containing LIPSS.
Figure 5. Images taken using USB digital microscope endoscope camera of N2 ns laser treated large area Si textured in air
when scanning velocity is (a) 0.5 mm/s and (b) 0.05 mm/s.

3.2 Generation of self-organised sub-wavelength
laser-induced periodic structures
Laser-induced periodic surface structure (LIPSS) of Si
has fascinated researchers for its promising prospective
in micromachining for various applications like SERS
[22,23], black Si generation [24,25] etc. LIPSS with a
period much shorter than the irradiation wavelength is
known as a sub-wavelength LIPSS. In this work, we
have shown that the formation of sub-wavelength LIPSS
is possible using the N2 ns laser processing in air. The
locations of these structures are shown in figures 6a and
6b. These structures were generated at a scanning velocity of 0.1 mm/s.
As can be seen from figure 6b, the LIPSSs are
observed along with the periodic structures mentioned
in figure 2e. The regions marked as A, B, C and D are
regions where LIPSSs are observed distinctly. The magnified FESEM images of these regions are shown in
figures 7a, 7b, 7c and 7d respectively. The periods of
these LIPSSs vary in the range 37–206 nm. Figure 7a

shows two types of LIPSSs having periods of 37 nm
and 110 nm. The periods of these LIPSSs are much less
than the wavelength, i.e., ∼λ/9 times the irradiated laser
wavelength (337 nm). Therefore, they are called the subwavelength LIPSSs. Figure 7b shows that, the periods
of these LIPSSs are 138 nm. Figure 7c shows the consistent LIPSS periods of 158 nm. The LIPSS periods
shown in figure 7d is 206 nm. It is to be noted here that
Tavera et al [26] have done the experiment with ns laser
at 355 nm. This wavelength is close to the wavelength we
have used. However, the extreme sub-wavelength period
demonstrated by us has not been reported by them.
Further, it is to be noted that the number of pulses
hitting the sample were controlled in very well-defined
manner by controlling the sample scanning. However,
due to the unavailability of the neutral density filter,
the experiments were done at fixed energy. We therefore could not get the sub-wavelength LIPSSs all over
the laser-irradiated spot. We got them in some localised
position as can be seen in FESEM.
3.3 Reflectance study
The total reflectance behaviour of the microstructures
generated in large area of Si surfaces is shown in figure 8.
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the scanning velocity is 0.5 mm/s. Also, it is to be noted
that nanosize ripples could have also contributed to the
reduction of reflectance [24,25].
3.4 Significance of the present work in comparison to
the previously published work

Figure 7. The FESEM images of LIPSS generation region
A, B, C and D of figure 6b.

Figure 8. Total reflectance behaviour of the untextured Si
(curve a), largearea Si surface microtextured at the velocity
0.5 mm/s (curve b) and 0.05 mm/s (curve c).

Curve (a) of this figure represents the total reflectance
of the unstructured Si. It indicates that for untextured Si,
the reflectance value is 45–53% within the wavelength
range of 330–850 nm.
Curves (b) and (c) show the total reflectance behaviour
of the Si surface microtextured at velocities 0.5 mm/s
and 0.05 mm/s respectively. For the case of 0.5 mm/s,
the reflectance value is 25–35% within the wavelength
range of 330–850 nm whereas for 0.05 mm/s it is
found to be 10–17% in the same wavelength range.
This difference can be explained by taking the processed
region into account. When the velocity is 0.05 mm/s,
processing of the sample surface is 100% due to the
complete overlapping of the damage spot (please ref.
figure 4b), whereas for 0.5 mm the processing is about
60% due to non-overlapping of the laser damage spot.
Therefore, when the scanning velocity is 0.05 mm/s the
reflectance is reduced to a much smaller value than when

In recent times, sub-wavelength LIPSSs have mostly
been produced by femtosecond and picosecond lasers
[27–29]. Particularly, a few research groups have only
reported the LIPSSs with much smaller dimension compared to the wavelength [30–35]. Yasumuru et al [30]
have shown the LIPSSs on titanium nitride and diamond
like-carbon using femtosecond laser of wavelength 800
nm and demonstrated that the size of the surface structures is 1/10th of the laser wavelength. Das et al [31]
showed the generation of LIPSSs on crystalline bulk
ZnO and found the period down to 1/8 of 800 nm wavelength of the femtosecond laser. Bonse et al [32] have
reported the generation of LIPSS on the Ti surface using
femtosecond laser of 400 nm and 800 nm wavelength.
It is proved that, the periods of LIPSS of ∼ λ/10 can
also be formed. Unlike all these aforementioned reports,
in the present work, for the first time, we demonstrated
that LIPSS of size ∼ 1/9 times is possible with the ns
laser.
It is known that the period of the structures reported
by Nayak and Gupta [21] on the Si surface with N2 ns
laser processing in air is 25 μm. So, the period shown
by us in this work is much smaller than the previously
reported result.
Further, it is to be noted that, at this moment mostly
for solar cell application, wet techniques like isotropic
and anisotropic chemical etching are done to reduce
the reflectance of the Si surface [36–48]. The lowest value of reflectance that can be achieved through
these processes is ∼10–11% [43,46]. In this work we
demonstrated that, similar low reflectance value can be
achieved on the Si surface with N2 laser microstructuring in air. Several attempts have also been made on
the reduction of reflectance by laser processing in air
[24,25,49]. Vorobyev and Guo [24] used the solid-state
femtosecond laser to generate laser-induced periodic
surface structures on the Si surface in air and showed
that the reflectance can be reduced to 10% in the wavelength range of 350–800 nm. Similarly, Sarbada et al
[25] used solid-state picosecond laser for texturing polycrystalline Si surface in air and demonstrated that the
reflectance can be reduced up to 19.84% in the aforementioned wavelength range. Vidhya and Vasa [49] have
demonstrated that, with solid-state nanosecond laser
surface structuring of Si in air, the reflectance can be
reduced up to 14% in the wavelength range of 300–
1100 nm. In our case, in this range of wavelength, the
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N2 laser microstructured Si shows 10% reflectance. So,
the results shown by us with N2 laser microstructured
Si is either comparable or lower than what was achieved
by expensive solid-state femtosecond, picosecond and
nanosecond lasers. Therefore, the Si microstructures
reported by us can be a better choice for various photonic applications like photovoltaic cells, photodiodes,
photodetectors and SERS.
4. Conclusion
The microstructures were produced on the surface of the
monocrystalline Si using a low-cost N2 ns laser with a
wavelength of 337 nm, repetition rate of 20 Hz and pulse
duration of 3.5 ns. FESEM was done for morphological characterisation of the generated microstructures
and LIPSS. In this study it is found that, the periods
of LIPSSs are as small as 37 nm. The periods of these
LIPSS are much less than the wavelength, i.e. λ/9 times,
of the irradiated laser wavelength (337 nm). Therefore,
they are called the sub-wavelength LIPSSs. It is also
demonstrated that, the large-area microtexturing of Si
surface can also be done using the aforementioned lowcost N2 laser. The study of total reflectance, i.e. sum total
of diffuse reflectance and specular reflectance, has been
done on a microtextured Si surface using a UV–visible
spectrophotometer attached with an integrating sphere.
From this, it is found that the reflectance of N2 laser
microtextured Si surface in optimised condition can be
as low as 10% for a broad wavelength range. This low
reflectance of the N2 ns laser microtextured Si surface
is found to be suitable for cost-effective photovoltaic
applications.
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