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Abstract Using high-speed picosecond laser pulse irra-
diation, low-reflectance laser-induced periodic surface
structures (LIPSS) have been created on polycrystalline
silicon. The effects of laser fluence, scan speed, overlap-
ping ratio and polarization angle on the formation of LIPSS
are reported. The anti-reflective properties of periodic
structures are discussed, and the ideal LIPSS for low sur-
face reflectance is presented. A decrease of 35.7 % in
average reflectance of the silicon wafer was achieved over
the wavelength range of 400-860 nm when it was textured
with LIPSS at high scan speeds of 4000 mm/s. Experi-
mental results of broadband reflectance of silicon wafers
textured with LIPSS have been compared with finite dif-
ference time domain simulations and are in good agree-
ment, showing high predictability in reflectance values for
different structures. The effects of changing the LIPSS
profile, fill factor and valley depth on the surface reflec-
tance were also analyzed through simulations.

1 Introduction
With the growing need for renewable energy sources, there

is an increasing demand for cheap and high-efficiency solar
cells. Although high-efficiency silicon solar cells with
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overall efficiencies over 25 % [1] have been fabricated in
laboratories, the high cost involved in manufacturing these
high-efficiency devices makes their commercial use
impractical. Optical losses through front surface reflections
lower the overall efficiency of solar cells since bare silicon
reflects nearly 40 % of incident solar radiation over the
wavelength range of 200-1100 nm. Texturing the surface
of silicon wafers to suppress reflections has been com-
monly used to improve the efficiency of solar cells [2-5].
Surface structures such as silicon nano-wire arrays [6],
moth eye structures [7], nano-pyramids [8], nano-cones [9]
and nano-domes [10] have been shown to greatly suppress
surface reflections but are expensive to manufacture.
Grating structures are also known to exhibit anti-re-
flective properties [11-15]. The wavelength range over
which they suppress surface reflections is influenced by the
geometry of the grating [16]. These structures are com-
monly used to create anti-reflective coatings by methods
such as mechanical scribing, lithography, etching, spin
coating replication and vapor deposition [16—19]. Another
method to create grating-like structures is through the
formation of laser-induced periodic surface structures
(LIPSS) which was first observed in 1965 [20]. LIPSS have
been created using different types of lasers, both continu-
ous wave [21] and pulsed beams of varying pulse durations
and of different wavelengths [22-30]. They have been
reported on many materials including metals [31, 32],
dielectrics [33, 34], semiconductors [35], ceramics [36, 37]
and polymers [38, 39]. Ripple structures having a period
nearly equal to the wavelength of incident radiation have
been reported in several studies. These are commonly
referred to as low special frequency LIPSS (LSFL) and are
formed orthogonal to the direction of the polarization of the
laser [40—46]. LIPSS with periods significantly shorter than
the wavelength of the laser have also been commonly
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reported in the literature and are formed when ultra-short-
pulsed lasers are used. These are known as high special
frequency LIPSS (HSFL) and are oriented parallel or per-
pendicular to the direction of polarization [22, 40-42, 47—
49]. The formation of LSFL was earlier attributed to the
interference between the incident laser radiation and the
surface scattered waves but was later improved by the
efficacy factor theory of Sipe et al. [50]. The formation of
HSFL is still not fully explained but has been attributed to
the redistribution of the electric field over the surface due
to the formation of LSFL [51].

In this work, low-reflectance LSFL have been created on
the surface of silicon wafers at high scan speeds of
4000 mm/s. Although there have been many studies on the
anti-reflective properties of LIPSS [52] created by fem-
tosecond lasers, little work has been done in this area using
picosecond lasers. Moreover, LIPSS formed by a
picosecond laser has not been reported at high scan speeds
exceeding 3000 mm/s, which is an important attribute to
lowering the fabrication costs of solar cells. In addition, the
anti-reflective properties of large area LIPSS created with
low overlapping ratios of less than 65 % have been rarely
reported, which are addressed in this work. This study also
reports the effects of different grating profiles commonly
observed in LIPSS on surface reflectance, using finite dif-
ference time domain (FDTD) simulations. In addition, the
effect of varying the fill factor and valley depth of gratings
on the reflectance is analyzed and reported.

2 Experimental details

A Lumera Rapid Picosecond laser was used to create
LIPSS on silicon wafers. The laser generates linearly
polarized pulses with a pulse duration of 10 ps at 1064 and
532 nm with a variable repetition rate ranging from 10 to
640 kHz. A half wave plate was used to rotate the angle of
polarization. A beam expander was used to create a colli-
mated and expanded beam which was directed into a laser
scanner head. The scanner head contains high-speed mir-
rors and an 80 mm focal length objective lens. The laser
beam focal spot size used was 10 um. A computer con-
trolled precision 3-axis stage was used to position the sil-
icon sample under the scanner head. The silicon samples
used are 127 mm diameter, 525 pm-thick polished wafers.
The silicon is N doped with phosphorous, and its crystal
orientation is (111) with the electrical resistivity less than
0.006 ohm-cm. In order to create LIPSS, the laser was
scanned over the surface of the wafer, which was posi-
tioned at the focal length of the objective lens. Long scans
were made in the x direction with small shifts in the y di-
rection to create a large scanned area. All experiments were
conducted with ambient air as the irradiation atmosphere.
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To study the surface structures created on the sample,
preliminary observations were made using an optical
microscope, followed by SEM imaging. The samples were
first cleaned in an ultrasonic cleaner with acetone, followed
by methanol to dislodge loose particles and to free the
sample from organic impurities that may have been pre-
sent. Due to the low electrical conductivity of the sample,
charging was expected during SEM imaging. To prevent
charging, the silicon samples were sputter coated with
platinum before imaging. AFM imaging was also done to
study the profile of the structures formed. In order to study
the composition and crystallinity of the silicon wafer
before and after the creation of LIPSS on the surface, EDS
and XRD analyses were performed.

In order to measure the broadband reflectance of the
sample, a Perklin Elmer Lambda 950 spectrophotometer
with an integrating sphere accessory was used. First, the
sample was checked for opacity, and then, the spectral
reflectance (R) and transmittance (T) were measured over
the wavelength range of 200-1200 nm. A monochromator
was used to resolve the wavelength. A blank wafer with no
texturing was used to calibrate the machine, and its
reflectance values were used for comparison with textured
samples.

3 Results and discussion

Initial experiments to determine the parameters needed to
achieve uniform LIPSS on the large area of silicon surface
were conducted at a laser wavelength of 1064 nm. At a
fluence value of 0.8 J/cmz, uniform LIPSS were created on
a small area. SEM and AFM imaging was done to study the
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Fig. 1 AFM image of LIPSS created using a 1064 nm wavelength
laser showing maximum valley depth
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Fig. 2 SEM image of LIPSS created using a 1064 nm wavelength
laser

profile and geometry of the structures. Figure 1 shows an
AFM image of the LIPSS created at 1064 nm wavelength.
The average valley depth was measured to be 300 nm,
while the maximum valley depth was nearly 400 nm. As
expected, the structures had a period of 1064 nm, which
was the same as the wavelength of the laser used. Figure 2
shows an SEM image of LIPSS created using a 1064 nm
wavelength laser.

In order to determine the period required to achieve the
lowest surface reflectance, FDTD simulations were con-
ducted. The simulation setup is described in detail in
Sect. 3.3. The period of the grating structures was varied,
and the effect on reflectance was studied. When the period
was varied from 1100 to 400 nm in steps, it was deter-
mined that a period close to 450 nm was the most effective
in suppressing reflections in the wavelength range of
200-1100 nm. This is the range of wavelengths in which
silicon solar cells convert light energy to electrical energy.
Since LSFL have a period nearly equal to the wavelength
of incident laser radiation, the 532 nm wavelength of the
picosecond laser was chosen. The focus in this study was to
suppress reflections in the range of 400-860 nm, which is a
range of high solar intensity for silicon solar cells. The
532 nm laser pulses were scanned over the silicon wafer at
a repetition rate of 10 kHz. The scan speed was increased
to gradually reduce the overlapping ratio from 99.9 to
50 %. The power was simultaneously increased to maintain
the fluence required to form LIPSS. It was observed that
uniform LIPSS could be generated for overlapping ratios
ranging from 99.9 % down to 60 %. Below 60 %, gaps
appeared between adjacent pulses and the LIPSS became
discontinuous. In order to maximize processing speed, an
overlapping ratio of 60 % was chosen and a scan speed of
60 mm/s was maintained. Uniform LIPSS over a large area

were created through parallel line scans with small shifts
normal to the scanning direction, while maintaining the
overlapping ratio.

To study the effects of changing the laser beam polar-
ization angle, a half wave plate was used in the beam path.
The wave plate was rotated to change the angle of polar-
ization, and the resultant LIPSS were studied. Varying the
angle of polarization resulted in a change in the orientation
of LIPSS without a change in the LIPSS period or profile.
As the polarization angle was rotated from being normal to
the scanning direction to being parallel to the scanning
direction, the LIPSS was rotated by 90°. When the LIPSS
were no longer parallel to the scan direction, it became
necessary for the pulses in the adjacent parallel scan lines
to be aligned such that continuous LIPSS could be formed
normal to the new polarization direction. This was
achieved through small changes in the scan length to
ensure a perfect overlap between pulses in adjacent scan
lines. For the remaining experiments, the polarization
direction was chosen normal to the scanning direction so
that LIPSS were parallel to the scanning direction. EDS
and XRD analyses revealed no change in composition and
crystallinity of the sample before and after the creation of
LIPSS.

3.1 Effect of fluence

It was observed that below the fluence of 0.7 J/em?, no
damage was visible on the surface of silicon. Above this
fluence, LIPSS were formed and the structures were more
prominent with deeper valleys as the fluence was further
increased. In order to maximize the processing speed, the
repetition rate was gradually increased from 10 to 640 kHz
in steps. At each step, the power and the laser beam scan
speed were increased to maintain the overlapping ratio and
fluence required for the formation of LIPSS. It was
observed that as long as the fluence was maintained, the
scan speed had no impact on the structures formed. At
640 kHz, a scan speed of 4000 mm/s was used to create
uniform LIPSS over an area of 4 cm by 4 cm.

SEM images revealed that the LIPSS had a period of
532 nm and a fill factor of 75 %. The depth of the channels
was found to increase with increasing fluence. At 0.7 J/
cm?, ripples were faintly visible with minimal variation in
height between crests and troughs. At 0.8 J/cm?, highly
uniform structures were obtained with no surface material
removal. The periodic structures appeared to have flat top
surface with filleted edges and deep narrow valleys. The
depth of the valleys was determined through AFM imaging
and found to range from 150 to 350 nm. Figure 3 shows
SEM images of the highly periodic LIPSS created at a
fluence of 0.8 J/em®. Figure 4 shows the progressive
changes on the formed nanostructures with increasing laser
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Fig. 3 SEM images of highly uniform LIPSS created at a fluence of 0.8 J/cm® a at x5000 magnification, b at x8000 magnification

fluence. At 1 J/cmz, some material removal was observed
and the deeper valleys were formed (Fig. 4b). The struc-
tures were still periodic, and the ripples were continuous
with minor breakages. At 1.2 J/cmz, the material removal
caused breakage of the LIPSS and the structures were not
continuous (Fig. 4d). The surface also appeared dull gray
possibly due to mild oxidation on the surface and lower
surface reflectance. The valleys however appeared deeper
and smaller nanostructures were present on the surface.
These nanostructures may have resulted from the sputter-
ing of the parent silicon onto surrounding areas.

Visual observation of the textured silicon wafer revealed
iridescence when viewed under a broadband light source as
shown in Fig. 5. Different viewing angles measured from
the horizontal resulted in different colors. This is attributed
to structural coloration as a result of interference effects
caused by the grating-like LIPSS. At 0°, the sample
appeared gray as seen in Fig. 5a. As the angle was
increased from 3.5° to 11.5° in steps of 2°, various colors
were observed. This iridescent effect was seen only in
structures created at fluence values between 0.7 and 1 J/
cm?. Above this fluence value, the surfaces began to appear
dull and gray possibly due to increased light trapping.

3.2 Reflectance tests

Reflectance tests were conducted on the samples to study
the effect of LIPSS on surface reflectance. Structures cre-
ated at the same fluence value exhibited the same reflec-
tance across the wavelength range of 200-1100 nm,
irrespective of the scan speed and repetition rate used.
Structures created with the same fluence appeared identical
under the SEM and thus were expected to exhibit the same
reflectance. Structures made with increasing fluence values
exhibited a trend of decreasing average reflectance value.
As the fluence was increased from 0.95 to 1.4 J/cmz, the
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average reflectance over the wavelength range of
400-860 nm decreased from 25.79 to 19.84 %. As com-
pared to the reflectance of bare silicon which was measured
to be 35.93 % over the same wavelength range, a 44.8 %
decrease in reflectance was achieved for the case of tex-
turing at 1.4 J/cm?. This drop is attributed to the increasing
depth of channels and increasing irregularities on the
surface.

At fluence values close to 0.8 J/cm?, highly periodic and
continuous LIPSS are formed with shallow valleys which
are not very effective in trapping incident light. At higher
fluence values up to 1 J/cm?, the valley depth was found to
increase and light was trapped more effectively. At a flu-
ence of 1.1 J/cm?, deep and continuous LIPSS were formed
resulting in an average reflectance of 23.1 % corresponding
to a 35.7 % decrease in average reflectance compared to
bare silicon. At even higher fluence values up to 1.2 J/cm?,
deep valleys were created with irregularities due to mate-
rial removal. This resulted in even lower reflectance values
due to increased scattering of light below the surface of the
material. Beyond this fluence value, the structures no
longer appeared periodic. Deep craters and surface irreg-
ularities were formed which further enhanced scattering
and light trapping below the surface, thus decreasing the
average reflectance. Figure 6 shows the reflectance curves
for structures created at different fluence values, across the
wavelength range of 400-860 nm. A clear decreasing trend
in reflectance is seen as the fluence is increased. Above this
fluence, material removal causes severe damage to the
surface.

The results indicate that random nanostructures are more
effective in reducing surface reflection than periodic
structures. As the fluence was increased and the structures
transitioned from being highly periodic to random struc-
tures, there was a drop in average reflectance as well. This
is in agreement with a study on disordered arrays of silicon
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Fig. 4 SEM image of nanostructures created at a fluence of a 0.95 J/cmz, b1Jcm? e 1.1Jcm? d1.2 J/cmz, e 1.3 Jiem?

nano-wires by Bao et al. [53], which also reported lower
reflectance values with random surface structuring when
compared with periodic uniform structures. To study the
effects of a thin oxide layer on the textured surface, sim-
ulations were run and are discussed in Sect. 3.3 below. The
results show that the effect of a thin oxide layer, if present,
is negligible. Prior to reflectance testing, the samples were
chemically cleaned in an ultrasonic bath. This ensures all

organic impurities and surface particles which are loosely
held are removed and do not influence the surface
reflectance.

3.3 Simulation

In order to validate the experimental results and to study
the predictability of the reflectance values of LIPSS,
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Fig. 5 Photographs showing iridescent effect of area covered with
LIPSS when viewed at different angles to the horizontal: a 0°, b 3.5°,
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Fig. 6 Reflectance curves showing a decreasing trend in reflectance
with increasing fluence values

computer simulations were conducted. In addition to this,
simulations were conducted with different periodic
geometries to study the effect of changing profiles on the
reflectance. The commercial software Lumerical FDTD
was used in this study. The software solves Maxwell’s curl
equations in non-magnetic materials. The governing
equations are as follows:

oD

EZVXH

D(w) = goe,(w)E(w)
OH

1 -
=—-——VXE
ot Ho

where H, E and D are the magnetic, electric and dis-
placement fields, respectively, while ¢, is the complex
relative dielectric constant.
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Simulations were performed to calculate the reflectance
value over a unit cell of the structured silicon wafer. To
validate the experimental results, the profile of the unit cell
was modeled based on the AFM and SEM images of the
structures formed in experiments. Since the structures were
highly periodic, a single unit cell was sufficient to fully
represent the surface structure. Also, a 2D simulation was
sufficient to represent the structure as the grating cross
section remained constant in the third dimension. The mesh
size was set using the conformal mesh technology, which
determines the required non-uniform mesh size to ensure
convergence. A high-accuracy mesh setting was used,
which provides a typical mesh size of 26-30 points per
wavelength. The time step is automatically calculated from
the simulation mesh size based on the Courant stability
criterion. A periodic boundary condition was used along
the x-axis (parallel to the silicon surface) to simulate a
repetitive structure. For the y-axis, (normal to the surface)
perfectly matched layer (PML) boundary condition was
used to absorb unwanted reflections and prevent them from
re-entering the simulation domain. A plane wave source
was used to normally inject electromagnetic energy on the
surface. The resultant reflectance spectrum was multiplied
with the AM 1.5G solar spectrum to simulate sunlight
incident on the surface. Comparative studies between
experiments and simulations were done for the periodic
structures formed at a fluence value of 0.85 J/cm?. The fill
factor, defined as the percentage of the grating period
consisting of silicon, was measured to be 75 %, and the
depth was 350 nm. The top surfaces of the ripples appeared
flat, and the edges were rounded.

A good match between experimental and simulated
values of reflectance was obtained as can be seen from
Fig. 7a. LIPSS formed using the 1064 nm wavelength laser
were also subjected to reflectance testing using the spec-
trophotometer. These results were also compared with
FDTD simulations. The fill factor was measured to be
75 %, and the depth of valleys was measured to be 350 nm.
Once again a good agreement between experimental and
simulated results can be seen in Fig. 7b.

Simulations were conducted to study the effect on
reflectance due to an oxide layer on surface structures. It
was found that the effects were negligible for oxide layers
smaller than 10 nm as seen in Fig. 8 which shows the case
of 532 nm period simple grating with a valley depth of
300 nm. An oxide layer, if at all, present is not likely to
affect the average reflectance since it is expected to be very
thin for such small exposure times to high temperatures.

Different grating profiles were compared through sim-
ulations to study their effects on reflectance. Four profiles
were compared, namely a simple grating having a rectan-
gular profile, grating with a rounded top, grating with an
elliptical profile and a grating with a flat top having curved
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Fig. 8 Reflectance curves for simple grating structures with and
without an oxide layer

edges. These profiles were chosen as they were most
similar to the experimental LIPSS obtained. Figure 9
shows the cross-sectional view of the different profiles
modeled. Although the profiles appear similar, their effect
on reflectance varies significantly. The different profiles
chosen were each simulated for multiple valley depths
(varied from 200 to 400 nm in 50 nm intervals) and fill
factors (varied from 55 to 75 % in 5 % intervals), and the
results were analyzed. The elliptical profile resulted in the
lowest average reflectance among the chosen profiles for
all valley depths greater than 250 nm and all fill factors.
The gratings with flat tops having curved edges resulted in
the highest average reflectance values. The cases of simple
grating and round top gratings were intermediate to the
previous two cases and were dependent on the valley depth.
For small valley depths of 200-250 nm, simple gratings
provided lower average reflectance values while at higher
valley depths of 300—400 nm, gratings with round top

()

(d)

Fig. 9 Profiles used in reflectance simulation: a simple grating,
b rounded top, ¢ elliptical profile and d flat top with curved edges

resulted in lower average reflectance. This can be seen in
Fig. 10a for the case of 65 % fill factor.

Simulations were also performed to study the effect of
fill factor on the reflectance. The fill factor was varied from
50 to 80 % in steps, by increasing the profile width while
keeping the period and the depth of structures constant.
This range was chosen as experimental data of LIPSS fill
factors ranged between 60 and 75 %. It was found that a fill
factor of 50 % was the most effective in suppressing sur-
face reflectance. For fill factors higher than 50 %, it was
found that as the fill factor was increased, the average
reflectance also increased as shown in Fig. 10b. Figure 10b
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shows the case of a constant valley depth of 300 nm. For
all profile types, there is an increase in average reflectance
with higher fill factors.

The effect of changing the valley depth was also studied
through simulations. The depth of the LIPSS valleys was
varied from 200 to 400 nm in steps. This range was chosen
as experimental data of LIPSS valley depths ranged
between these values. It was found that the fill factor
influenced the effect of changes in valley depth on the
reflectance. At lower fill factors of 50-60 %, deeper val-
leys resulted in lower reflectance values. This is explained
by the fact that deeper valleys cause increased scattering
and trap light more effectively. At slightly higher fill fac-
tors of 60-70 %, a similar trend of decreasing average
reflectance values with increasing valley depths was
observed. However, it was observed that the average
reflectance was less sensitive to changes in valley depth. At
even higher fill factors ranging from 70 to 80 %, the
reflectance remained almost constant as the valley depth
was increased from 200 to 400 nm. In some cases, even a
small increase in average reflectance of up to 1 % was
observed over the wavelength range of 400-1100 nm. This
is attributed to the fact that at high fill factors, the incoming
light radiation is incident onto a larger front surface area as
compared to the case of a lower fill factor. This would
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cause an increase in the surface reflectance. The sensitivity
of average reflectance to increasing valley depth reduced as
the fill factor increased as can be seen in Fig. 10c. Fig-
ure 10c represents the case of structures with a rounded
top, and the same trend was observed for all the different
profiles simulated.

4 Conclusion

By utilizing the light trapping properties of periodic grating
structures, silicon wafers with average reflectance values of
23.1 % were fabricated by texturing the surface with a
picosecond laser. These structures were created at high
laser scanning speeds of 4000 mm/s and low pulse over-
lapping ratios of 60 %. This method provides an inexpen-
sive and rapid process to create low-reflectance silicon
wafers which can be used in photovoltaic applications. A
decreasing trend in average reflectance was observed when
the LIPSS were created with increasing fluence values up
to 1.4 J/cm?. Beyond this value, material ablation was
observed. The experimentally achieved reflectance values
for highly periodic LIPSS have been validated through
FDTD simulations that displayed a high degree of pre-
dictability. Various periodic geometries were simulated to
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study their impact on surface reflectance. Elliptical profiles
resulted in the lowest average reflectance among the pro-
files simulated. The effects of changing valley depth and
fill factor in each of these structures were also studied,
showing that higher fill factors resulted in higher average
reflectance values. A steady drop in sensitivity of average
reflectance to change in valley depth is reported as the fill
factor is increased above 50 %.
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