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Anti-reflection structures (ARS) in micro/nano-scales provide remarkable opportunities for
broadband and omnidirectional anti-reflection performance. In this work, laser-induced surface
structures at a high aspect ratio of 3.4 and a period of 50 um are firstly created on crystalline silicon
wafers by nanosecond pulsed laser ablation in air. Meanwhile, a high aspect ratio of 5.0 structures
for enhanced light trapping are realized via laser ablation inside water. Such enhancement is
attributed to the limitation of plasma inside water. The processing rate is increased by 2.34 times
with the localized chemical etching inside NaOH solution. The average reflection of 3.28% is
achieved from 380 to 780 nm, 15% lower than laser ablation in air. Laser ablation with the liquid
assistance provides a new method to generate high aspect ratio ARS.
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1. Introduction

As a semiconductor material, silicon (Si) is widely ap-
plied in many fields, such as solar cells [1], photodetectors,
and infra-red stealthy camouflage. Nevertheless, more than
30% of optical losses on silicon surface due to high refrac-
tive index (RI) =3.4 at the visible light range. Little light
absorption above ~1100 nm limits the improvement of op-
toelectronic device performance [2, 3]. Hence, great efforts
have been made to reduce the reflection and enhance the
light absorption by ARS.

Light trapping and thin film coatings are the main ways
to engineer Si surfaces for anti-reflection. Thin film coat-
ings with the appropriate design of thickness and RI in each
layer are used for high anti-reflection performance[4].
There are several challenges, including material selection
and the mismatch in the thermal properties of different ma-
terials. The enhanced absorption using light trapping has
more advantages and also studied in various fields of optics
[5]. This is because the light-trapping structures can
achieve better broadband and omnidirectional optical per-
formances.

In the last few decades, inspired by natural biological
materials with sophisticated light-trapping structures, a
great number of the ARS have been prepared to improve
optical performances at the interface between air and sub-
strates [6-10]. The ARS fabrication with broadband and
omnidirectional anti-reflection performance is realized [11-
16]. However, these approaches are time-consuming or
complicated, which make them hard to be mass produced
over a large scale. It is necessary to find a new fabrication
method which is simple, high-speed, and suitable for prac-
tical applications.
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Laser ablation [17, 18] is an advanced process to obtain
easy-to-fine-tune sizes and surface morphologies. It is a
key to modulate structures at a high aspect ratio for anti-
reflection. Yang J et al. realized the fabrication of broad-
band anti-reflection Si surfaces by laser micro/nano-
processing [16]. The enhancement of laser ablation effi-
ciency in various liquids has also been studied. Zhu S et al.
found that the laser ablation rate of Si can be highly en-
hanced by a water layer of 1.1 mm thick [19]. Maack P et
al confirmed that laser ablation inside liquid allows for a
significant reduction in particles’ redeposition [20]. Zhai Z
et al. compared the processing results of micro-holes via
nanosecond pulse laser in air and water environments [21].
Hong M et al. demonstrated the materials removal rate for
laser ablation inside KOH solution is twice as high as that
inside water at a cooled liquid environment (temperature
~10°C) [22]. The enhancement mechanism was also ex-
plored. Lam J et al. examined the initial growth and col-
lapse stages of bubbles induced by laser ablation inside
water, pure ethanol (96%), and isopropanol (99.5%) [23].
Shaheen M. E. et al. found the ablation rate of brass is
higher inside water and ethanol than that in air with clean
surfaces and little debris re-deposition [24]. Hayat A et al.
proved that the difference in surface morphology is at-
tributed to cooling, confinement, and shielding effects [25].
Meanwhile, to the best of our knowledge, no efforts are
made so far to assess the ARS on Si surface fabricated by
nanosecond-laser ablation inside liquids.

In this work, laser-induced structures on Si surface at a
period of 50 pm and aspect ratio of 3.4 are manufactured
on crystalline silicon wafer by nanosecond-laser ablation in
air. A 1.5-times higher aspect ratio of the ARS for enhanced
light-trapping is realized via laser ablation inside liquids.
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The average reflection in the visible spectrum is 15% lower
with the water assistance. Inside NaOH solution, the aver-
age reflection is lower by 5.43% than that in air and the
processing efficiency is much improved.

2. Experimental

Laser processing of 525425 pm thick polished mono-
crystalline Si wafers (P/111, <0.02 ohm-cm) is performed
in air, inside water, and NaOH solution (wt=20%) using
1064 nm/200 ns fiber laser (YDFLP-E-30-LP-S, JPT) as
shown in Fig. la. Periodic structures are produced by fo-
cusing the laser beam in air or through an 1-mm thick lig-
uid layer onto Si surfaces. A galvo is used to scan over an
area of 110 x 110 mm? at a spot size of 30 um (Fig. 1b).
Figure 1c shows the schematic of periodic structures fabri-
cated by laser ablation.

Nanosecond Laser
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- Periodic Structures
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Fig.1 Schematic of (a) laser processing silicon wafer inside
liquid, (b) pulse fiber laser scanning for periodic surface struc-
tures fabrication, (c) Si anti-reflection structures morphology.

The oblique view (38° tilt angle) of the laser-processed
Si surface is taken by scanning electric microscope (SEM,
SUPRASS5 SAPPHIRE, ZEISS) at a primary electron ener-
gy of 20 kV. Energy Dispersive X-ray Spectroscopy (EDS)
is used to detect the elements of the sample. The surface
morphology (width and height) of the ablated structures is
inspected by a confocal laser scanning microscope (CLSM,
VK-X1000, KEYENCE). Reflection spectrum from 380 to
780 nm is measured by a UV/VIS/NIR spectrometer
(LAMBDA 1050, Perkin Elmer) with a 150 mm integrating
sphere.

3. Results and Discussion

To optimize the anti-reflection performance of the ARS,
different processing parameters for laser ablation, including
scanning gap, scanning speed, laser power, and scanning
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number, are tuned in air. As the scanning gap increases
from 30 to 70 pum (the scanning speed is 500 mm/s, the
laser power 15 W, and the scanning number 5), the mor-
phologies of the silicon surface are changed greatly. When
the scanning gap is equal to the spot size (30 pm), no obvi-
ous structure is generated. Some energy is converted to
heat when a pulsed nanosecond laser is applied to silicon
surface in air. The heat from laser ablation is accumulated
and spread around. Then the heat affected zone (HAZ) is
generated, which expends the crater area. In this case, the
crater size is larger than the spot size so that the area of
laser ablation is overlapped. Therefore, it is a key to in-
crease the scanning gap to fabricate anti-reflection struc-
tures.

The height and average reflection of the silicon surface
at different scanning gaps are characterized in Fig. 2a. Pe-
riodic surface cone microstructures are formed at a scan-
ning gap of 50 um. As the scanning gap is larger than 50
pm, the truncated pyramid of silicon surface structures is
obtained. It is found that the period of the structure is equal
to the scanning gap. A lower reflection is measured at a 50
pm scanning gap when the structures are 34 pm height with
a corresponding 1.36 aspect ratio. The laser processed areas
are good at light trapping. Therefore, the cone microstruc-
tures are more beneficial to the light anti-reflection.

The dimensions of the arrayed structures made by laser
ablation are much larger than light wavelength. Ray tracing
model of light trapping used to illustrate the mechanism of
anti-reflection in microstructure arrays is shown in Fig. 3.
In COMSOL simulation, the cone structures are defined as
the default silicon material and the wavelength of incident
light is 660 nm. Different aspect ratio cone structures are
simulated while the diameters are kept as 50 pm. When the
light encounters air-silicon interface, it is absorbed, refract-
ed and reflected. The more light is reflected, the more light
energy is lost. As shown in Fig. 3a, for the vertical plane
incident light, there are three reflections between the cones
whose aspect ratio is 2. Each reflection provides a chance
to absorb light, thus acting as anti-reflection effect. To ex-
plore the effect of structural aspect ratio on anti-reflection
performance, incident light paths in cones of the same di-
ameter with different heights are simulated. As the aspect
ratio changes from 4 (Fig. 3b) to 6 (Fig. 3c), the number of
reflections between the cone structures increases from 6 to
9. The incident light is trapped inside the gaps of a high
aspect ratio microstructure array. The multiple reflection of
light on the inner surface of the microstructure increases
optical path length, which further reduces reflection and
improves the light absorption [26]. Thus, the aspect ratio of
individual units is larger, the number of reflections is more,
which leads to a lower reflection in the visible range.

Laser power determines ablation depth while the scan-
ning speed and scanning number fix pulse numbers acting
on the ablation zone. The crater height can be deepened by
modulating these parameters with a 50 pum scanning gap.
Figure 2b shows that a lower reflection on Si surfaces by
laser ablation in air is obtained for 300 mm/s speed, but
structures on the surface are irregular. When scanning
speed is 500 mm/s, the average surface reflection is similar
to the result at 300 mm/s and the uniform structure are
higher.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 18, No. 1, 2023

60 20
(@) AIR —=— Average reflection —_
X
- T T 115 =
g40f /J_\ L 2
= T °
~ D
b= /| {10 <
= =
> w
= 20+ ‘|’ %n
15 =
2
b 2 2 2 2 0
30 40 50 60 70
Scanning Gap (um)
50 9
() AIR —=— Average reflection —_
40} 1s &
~_ T =
£ S
230} 1T~ 17 8
= — T 4 - S
20t J_ 16 =
: %
10 45 a;
<
0 1 1 1 1 1 4
300 400 500 600 700
Scanning Speed (mm/s)
100 =
(©) A —=— Average reflection J9 —~
80 S\i
g e
= 60 16 ©
= =
-
= 1)
o St
E 40 | - gn
20 T/J_\ T I 5
r 1 - >
B / S Z
d 0 e L L L L 0
@ 9 12 15 18 21
Laser Power (W)
100 7
AIR —s=— Average reflection T
T il Q
L e
80 1 {6 =
—_
£ / + S
N
::L 60 I é
=) 1° 3
5 40 °
= 1 o
14 :
20+ 4
<
0 1 1 1 1 1 3
5 10 15 20 25

Scanning Number

Fig. 2 Plots of relationship between (a) scanning gap, (b) scan-
ning speed, (c) laser power, and (d) scanning number and the
heights or the average reflection of the ARS on Si surfaces by

laser ablation in air.

The relationship between laser power from 9 to 21 W
and structures fabricated via laser irradiation in air is
shown in Fig. 2c. Interestingly, the reflection is lower and
structures are higher and more uniform at a laser power of
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15 W. As the laser power increases to 18 W or 21 W, the
structures on the silicon surfaces become disorganized.
These results are different from our expectation. In theory,
for a slower speed or a higher power, a deeper crater is
generated by laser ablation. In fact, the HAZ around the
structures not only enhances depth but also damages struc-
tural integrity, which restricts the ARS fabrication.

To increase the aspect ratio of ARS, the scanning num-
ber is optimized at a scanning gap of 50 pum, scanning
speed of 500 mm/s, and laser power 15W. The aspect ratio
and reflection of morphologies on the silicon surface gen-
erated via laser ablation in air at the scanning number of 5,
10, 15, 20, and 25 are evaluated, as shown in Fig. 2d. The
height of the cone microstructures is closely related to
scanning number, while average reflection is reduced with
scanning number increasing. With the further increasing of
scanning number, these changes gradually saturate. As the
scanning number is 25, periodic cone microstructures with
an aspect ratio of 3.4 are obtained and the average surface
reflection with the ARS is reduced to 3.87% in the visible
light spectrum.

(a) (b)

Fig.3 Ray tracing of light trapping. The aspect ratio of the cone
is (a) 2, (b) 4, and (c) 6, reflectively.

It is a key to achieve higher crater depth and better anti-
reflection performance. Different processing environments
are used to reduce the range of HAZ during laser ablation.
Water is a good medium for heat dissipation and the en-
hancement of laser ablation inside water has been con-
firmed. It is also an efficient method to avoid the collapse
of a structure due to excessive laser ablation. Using the
same laser parameter optimization method as in air, high
aspect ratio anti-reflection structures are fabricated via la-
ser ablation at a 65 um scanning gap, 300 mm/s scanning
speed, 30 W laser power, and 25 scanning number inside 1-
mm thick water layer. Figure 4a shows with the increase of
scanning number, the height of the ARS is higher and the
average reflection on Si surface is reduced. A low average
reflection of 3.28%, corresponding anti-reflection struc-
tures with 5.0 aspect ratio, is achieved at a scanning num-
ber of 25.

As shown in Fig. 4b, the three-dimensional (3D) mor-
phology of microstructures on silicon surfaces formed in-
side water at these laser parameters is observed by CLSM.
The 3D morphology is high aspect ratio conical array struc-
tures with a 65 pm period. To analyze the surface rough-
ness of the structures, the SEM images of the sample sur-
faces after the laser processing inside water and air are
shown in Figs. 4c & d. There are two different features
among these laser ablated surfaces. One is the size of mi-
crostructures formed on these surfaces. The other is the
presence of debris on the surfaces processed in air while
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nearly no debris is found on the surfaces via laser ablation
inside water. The existence of the debris makes the surface
rougher. The assistance of water layer reduces the debris
generation and limits the splash. The fluidity of a liquid
accounts for the further removal of the formed debris, also
resulting in clean ablation edges. Meanwhile, the elements
of the fabricated surface are measured by EDS. There are
only oxygen and silicon two elements. The mass fraction of
oxygen is 24.28% for the laser ablation in air (Fig. 4d) and
is only 15.19% for the ablation in water (Fig. 4c). Oxygen
content of the fabricated surface are significantly reduced
with the assistance of water. Hence, laser ablation with the
water assistance results in better laser processing quality
compared to that in air.

@) 200 12
Water —=— Average reflection
S
{10
150 /I =
7 — g
g I/ {s
= D
= 100¢ I/ =
50 §
14 @
<
0 1 1 1 1 1 2
5 10 15 20 25
Scanning Number
am T
lm (b) 260. 708m

707. 144

530. 185

Fig. 4 (a) Plots of relationship between scanning number and the
height or the average reflection of the ARS by laser ablation in
water. (b) & (c) CLSM and SEM images of periodic surface mi-
crostructures formed inside water at 65 um scanning gap, 300
mm/s scanning speed, 30 W laser power, and 25 scanning number.
(d) SEM images of the ARS via laser ablation in air (50 pm scan-
ning gap, 500 mm/s scanning speed, 15 W laser power, and 25
scanning number).

The difference of the microstructure sizes can be ex-
plained by the high temperature and high pressure of the
limited plasma and more effective cooling inside water [27,
28]. As Fig. 5a shows, when laser pulses provide high
enough fluences on Si surface, the electrons reach high-

excited states due to the inverse-bremsstrahlung process
[29]. After electrons lattice collisions and energy transfer,
the dense clouds of excited ions and atoms are generated
[30]. The plasma plume then develops into a mixture vapor
containing ions, atoms, and electrons, as shown in Fig. 5b.
With the continuous absorption of laser pulse energy in the
later period, the plasma plume undergoes isothermal ex-
pansion, and the pressure and temperature increase at a fast
rate. After laser pulse is terminated, the plasma plume ex-
pands adiabatically and has the characteristics of high pres-
sure and high temperature [31]. The pressure of the plasma
plume is demonstrated to be a few Gigapascals and the
temperature can reach up to thousands of Kelvin [28]. This
expansion lasts for around 100 ps and then shrinks up to
collapse. Meanwhile, due to the higher heat capacity and
thermal conductivity of water, the plasma plume cools
down much faster than that in air and the HAZ is mini-
mized so that lower scanning speed, and higher laser power
can be applied to fabricate high aspect ratio anti-reflection
structures. It can be concluded that laser ablation inside
water induces a plasma plume with a higher temperature
and high pressure as well as a stronger shockwave and a
higher impact force, compared with that in air. These plas-
ma species are ejected out from Si surface anisotropically
during laser ablation and the strong recoil pressure is gen-
erated during the plasma formation [32]. The molten areas
are pushed aside by the strong shock wave inside water.
These factors result in the expanded ablation-craters which
is 15 pm wider than that in air, and the efficiency of mate-
rials removal increases [31].

Meanwhile, because of the strong effect of plasma, the
thickness t (Fig. 5b) of the water layer which is the distance
between the upper silicon surface and the air-water inter-
face is a key factor. When t is small, the water layer is not
effective in limiting plasma expansion, the surface tension
becomes smaller at high temperature. Considering the ab-
sorption and refraction of laser through the water layer, the
laser energy loss is much greater than the enhancement
effect of plasma when t is too thick. Based on the above
two factors, the best enhancement of laser ablation effect is
achieved under an 1-mm thick water layer.

(a) Galvo (b)
Plasma \AQ-lens
Heat Affected Deposited

Materials Plasma

Fig. 5 (a) Schematic of pulsed laser ablation for microstructures
generation and their materials deposition on silicon substrate. (b)
Diagram of plasma generated via laser ablation inside liquid.

To further investigate the fabrication of high aspect ra-
tio anti-reflection structures by laser, a NaOH solution with
a 20% mass fraction (wt=20%) is employed as the pro-
cessing environment.
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Fig. 6 Plots of relationship between (a) scanning gap, (b) scan-
ning speed, (c) laser power, and (d) scanning number and the
heights or the average reflection of the ARS on Si surfaces by

laser ablation in wt=20% NaOH solution.

As Fig. 6a shows, it is found that 65 pm is the best
scanning gap to fabricate anti-reflection structures inside
NaOH solution at the scanning speed of 500 mm/s, the la-
ser power of 24 W, and the scanning number of 5.The as-
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pect ratio of ARS is 1.63 and the average reflection is
9.92%. The limited plasma is also generated inside an 1-
mm thickness NaOH solution, resulting in a wider and
deeper crater. Figures 6b & c¢ show that the scanning speed
of 300 mm/s and laser power of 30 W are the best laser
processing parameters to generate high aspect ratio struc-
tures inside NaOH solution. The height of structures
changes significantly with the increasement of scanning
speed. At the speed of 100 mm/s, the average reflection of
silicon surface is lower with high but irregular ARS. How-
ever, the ARS fabricated via laser ablation inside NaOH
solution are uniform at 300 mm/s speed and the average
reflection is as low as that at 100 mm/s. The structures
height rises linearly as change laser power increases from
18 W to 30 W. The average reflection decreases continu-
ously and reaches saturation.

The height and performance of ARS are also measured
as the scanning number increases from 5 to 25 at the scan-
ning gap of 65 pum, scanning speed of 300 mm/s, and laser
power 30W, as shown in Fig. 6d. The best scanning number
is 15 inside NaOH solution which is reduced by 40% than
that in air and inside water. The aspect ratio of ARS is 4.8.
A more interesting thing is that as the scanning number
increases more than 15, the height of structures is reduced,
and the reflection is increased. The minimum average re-
flection is 3.66% lower than that in air (4.11%, Fig. 2d) and
water (3.98%, Fig. 4a) at the scanning number of 15. Fur-
thermore, the optimized average reflection is lower by
5.43% than that in air (3.87%, Fig. 2d). The processing rate
is defined as the aspect ratio divided by the scanning num-
ber and is increased by 2.34 times for laser ablation in
NaOH solution than in air.

Enhancement of the fabrication inside NaOH solution is
attributed to both the strong limitation of the plasma plume
and the assistance of localized chemical etching. The etch-
ing of silicon involves the hydroxide ion-catalyzed reaction
of silicon to generate hydrogen and silicate [33]. The chem-
ical reactions between the liquid and silicon interface take
place as follows

Si+4H,0 > Si(OH),+2H, 1 (1)

The hydroxide ion is an important reactant in the over-
all reaction. More importantly, the reaction rate is acceler-
ated due to high temperature around the plasma induced by
laser. Arrhenius proposed an equation for the dependence
of the rate k of a chemical reaction on temperature T[34]:

k = Aexp(- Ea /(k,T))- )
Where A is the pre-exponential factor, Ea the activation
energy, and kg the Boltzmann constant. Equation 2 reveals
that the rate constant k is an exponential multiplied by tem-
perature T. It means that the reactions are much more in-
tensive at a higher temperature. Laser ablation provides a
high temperature environment for chemical reactions to
increase the processing efficiency. Due to the strong chem-
ical reactions as the scanning number increases higher than
15 (as shown in Fig. 6d), anti-reflection structures generat-
ed by laser ablation are over etched and anti-reflection per-
formance becomes poorer. More applications can be
considered in the field of electrochemical fuel generation
[18] and biological field [35, 36] with such periodic surface
structures.
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4. Conclusions

Nanosecond-laser ablation of c-Si immersed inside lig-
uids shows the formation of high aspect ratio anti-reflection
structures. Light trapping with feature size larger than
wavelength is due to high aspect ratio structures. The fabri-
cation of periodic conical structures is realized via proper
laser scanning gap. The strong plasma produced by laser is
limited with liquids. Wider and deeper craters are created
under the action of the high temperature and high pressure
plasma. With a good heat transfer property of liquid, HAZ
is greatly reduced and the structure melting recasting is
effectively avoided. Laser ablation with liquid assistance is
verified as an efficient method to fabricate high aspect ratio
structures. The average reflection of 3.28% over a wave-
length range from 380 to 780 nm and anti-reflection struc-
tures with 5.01 aspect ratio are realized for laser ablation
inside water. The enhancement of aspect ratio and the im-
provement of processing rate are also devoted to localized
chemical etching inside NaOH solution (wt=20%). This
provides a novel way for the applications of high efficient
fabrication of the ARS.
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