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Large-area straight, regular periodic surface
structures produced on fused silica by the
interference of two femtosecond laser beams

through cylindrical lens

Long Chen'?, Kaigiang Cao?, Yanli Li!, Jukun Liu!, Shian Zhang?,
Donghai Feng?!, Zhenrong Sun'® and Tianqing Jia%**

Inhomogeneity and low efficiency are two important factors that limit the application of laser-induced periodic surface
structures (LIPSSs), especially on glass surfaces. In this study, two-beam interference (TBI) of femtosecond lasers was
used to produce large-area straight LIPSSs on fused silica using cylindrical lenses. Compared with those produced us-
ing a single circular or cylindrical lens, the LIPSSs produced by TBI are much straighter and more regular. Depending on
the laser fluence and scanning velocity, LIPSSs with grating-like or spaced LIPSSs are produced on the fused silica sur-
face. Their structural colors are blue, green, and red, and only green and red, respectively. Grating-like LIPSS patterns
oriented in different directions are obtained and exhibit bright and vivid colors, indicating potential applications in surface
coloring and anti-counterfeiting logos.
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Introduction close to the laser wavelength (A-1/2)'*", and high-spa-

Laser-induced periodic surface structures (LIPSSs) have tial-frequency LIPSSs (HSFLs), with periods = signific-

been extensively studied in various materials, including antly smaller than the laser wavelength (<A/2)"". The

conductors' 3, semiconductors®° and dielectrics®’, and
exhibit a great potential applications in many fields such
as structural colors®’, color-based anti-counterfeiting'?,
superhydrophobicity'''?, and birefringence'>*>. LIPSSs
were classified into two types according to the relation-
ship between the laser wavelength and LIPSS period:
low-spatial-frequency LIPSSs (LSFLs), with a period

formation of LSFLs have been studied for the last several
decades. There are two main theoretical explanations for
the formation of LSFLs. The first widely accepted theory
attributed the generation of LSFLs to an interference
between the electromagnetic field of the incident laser
and a surface scattered wave generated by the laser on a

rough surface’®?2. The second theoretical explanation is
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the surface plasmon polarization (SPP) model. The sur-
face is irradiated by laser pulses to produce micro-nano
structures. Because these micro-nano structures scatter
incident light, the spatially scattered light are formed to
provide wave vectors missing from exciting SPP, and
subsequent incident pulses can excite SPP, resulting in a
periodic deposition of the laser energy and the forma-
tion of LSFLs*2. The origin of HSFLs may be caused by
the second harmonic generation (SHG)**%" or self-organ-
ization?®?°, and it is still under discussion.

Various methods have been developed to control the
growth of LIPSSs in different materials. Jalil et al. ob-
tained uniform periodic surface structures using two
temporally delayed femtosecond laser beams*’. Vass et al.
demonstrated the two beam interferometric laser-in-
duced backside wet etching (TWIN-LIBWE), and this
mask-free procedure made it possible to fabricate grat-
ing in fused silica with a period substantially smaller than
that previously reported’'. Alamr et al. presented multi-
scale periodic patterns with two-dimensional symmetry
generated on stainless steel, polyimide and sapphire by
combining direct laser interference patterning with the
generation of LIPSSs in a one-step process®. Regular
LIPSSs were obtained by chemical-etching assisted
femtosecond laser ablation™*°. Large area uniform
LIPSSs could be processed with cylindrical lenses®. Most
studies have focused on the fabrication of regular LSFLs
in conductors and semiconductors. However, few stud-
ies have been made on dielectrics, such as glass.

Efficient preparation of LIPSSs on glass surfaces has

excellent potential for applications involving logos, col-
wettability®”3.

or-based  anti-counterfeiting, and

Laser
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However, efficient processing of regular LIPSSs on fused
silica surfaces is rarely reported and remains a great chal-
lenge. Fused silica has a large band gap of 8.0 eV, much
higher than normal glass such as silicate glass, bismuth
glass, etc. Electron excitation under femtosecond laser ir-
radiation is caused mainly by avalanche breakdown ion-
ization, which forms a surface plasma layer***. The laser
fluences were usually very high (>1 J/cm?). Thereofore,
the residual thermal effect on the surface after femto-
second laser ablation was very strong, leaving re-solidi-
fied layer of several um thick*'. Therefore, the LSFLs on
fused silica were usually curved with many breaks and
bifurcations”"’.

In this study, we constructed an experimental setup
for two-beam interference (TBI) of femtosecond lasers
using a cylindrical lens, and efficiently produced large-
area straight, regular LIPSSs on fused silica. The effects
of the laser fluence and scanning velocity on the forma-
tion of the regular LIPSSs are studied in detail. Two types
of LIPSSs, grating-like and spaced LSFLs, are produced
on the fused silica surface. In addition, patterns of falling
petals and two types of flowers with grating-like LIPSSs
oriented in different directions are processed by mount-
ing the fused silica on an x/y/z/2 four-axis translation
stage. These patterns demonstrate bright pure colors
when observed from different angles using a charge-
coupled device (CCD).

Experimental

Schematic of the experimental set-up
As shown in Fig. 1, the laser system is a commercial

Ti:sapphire regenerative amplifier (Legend Elite,
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Fig. 1 | Experimental setup for femtosecond laser interference using two cylindrical lenses. HWP: half-wave plate, GP: Glan prism, BS:

beam splitter. The double arrow and letter E represent the laser polarization.
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Coherent); it produces laser pulses at 800 nm, 50 fs, and
3 m]J with a repetition rate of 1-1000 Hz. The laser beam
passes through a half-wave plate and Glan prism, which
change the laser power and change the polarization to
vertical. A mechanical shutter is used to control the laser
irradiation time. The laser beam is split into two beams
using a 50 : 50 beam splitter, and the polarizations of the
two beams are both vertical; one beam travels via a delay
line and arrives at the sample surface at the same time as
the other beam, where the zero point is determined by
the double frequency signal of a BBO crystal. The flu-
ence of a single beam is used to express the laser para-
meters. The angle 26 between the laser beams is 9.3°, and
the interference period A is calculated as 4.94 um using
the equation A = 1/2sinf) (laser wavelength A = 0.8 um).
The two cylindrical lenses (focal length, 500 mm) are
mounted vertically, and the focal spot is 50 pm wide and
2.0 mm long. The height of the two cylindrical lenses is
at the same z position as well as the two foci, and the er-
ror is <0.1 mm. A fused silica substrate (MTI Group,
China) is used as the sample and is mounted on an
x/ylz|@ four-axis stage.

The surface of the fused silica substrate is optically
polished to a roughness of <0.5 nm. It is ultrasonically
cleaned before and after ablation®. The surface micro-/
nanostructures were observed by scanning electron mi-
croscope (SEM, S-4800 Cold-Field SEM, Hitachi).

The setup for the optical characterization

To test the performance of the grating-like and spaced
LIPSSs fabricated by the TBI, a wide-spectrum light
source (400-2200 nm, tungsten halogen lamp) is perpen-
dicularly illuminated on the sample surface. As is shown
in Fig. 2, the diffraction spectra and the colors are meas-
ured by using a fiber spectrometer (USB2000+, Ocean
Optics) and a charge-coupled device (CCD) at different
angles. A fiber probe of the spectrometer (or CCD)
moves in the y-z plane (perpendicular to the LIPSS dir-
ection). The optical resolution of the spectrometer is 1
nm. The angle between the fiber probe (or CCD) and the
z axis is defined as the observation angle «. The diffrac-
tion equation reveal the relationship between diffraction
spectra and observation angle a’:

nl,, = dsing , (1)
where the integer # is the order of diffraction, A, is the
wavelength of the diffraction spectrum measured at the
angle « and d is the period of the LIPSSs (710 nm) or the
interference stripes (4.94 um).

l White light

Fig. 2 | Schematic of the setup for optical measurements.

Experimental results and discussion

LIPSSs on fused silica obtained by single beam

and TBI

Figure 3(a) presentsa schematic diagram of laser pro-
cessing using a cylindrical lens or a circular lens; SEM
images of the obtained LSFLs are shown in Figs. 3(b) and
3(c), respectively. The laser fluence is 2.8 J/cm?, the scan-
ning velocity is 3.1 mm/s, and the accumulated pulses
per spot is estimated to be 16. By these two processing
methods, LSFLs with a period of 715 nm are induced on
the fused silica surface. LSFL formation can be explained
by the efficacy factor theory proposed by Sipe et al.?!. The
main mechanism is interference between the incident
laser and the surface scattered light on the rough surface,
which causes spatial energy modulation and uneven ab-
sorption inside the material, resulting in the appearance
of LSFLs.

Note that fused silica has a large band gap of 8.0 eV.
Electron excitation under femtosecond laser irradiation
is caused mainly by avalanche breakdown ionization,
which forms a surface plasma layer***. As shown in Fig.
3(d), the residual thermal effect on the surface after
femtosecond laser ablation of fused silica is very strong,
and there is a 4.5-um-thick re-solidified layer*'. There-
fore, the LSFLs obtained using a circular or cylindrical
lens are distorted and exhibit many breaks and
bifurcations.

Figure 3(e) and 3(f) show the 2D Fourier transform
(FT) images of the SEM images of Fig. 3(b) and 3(c), re-
spectively. The peak of FT spectra by using a cylindrical
lens is at 1.4+0.15 pm-!, which indicates that the LIPSS
period is 715+75 nm. However, the peak of FT spectra by
using a circular lens is at 1.4+0.3 pm~!, which indicates
that the LIPSS period is 715150 nm. When focusing a
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Fig. 3 | (a) Schematic diagram of laser processing of fused silica surface. Green squares indicate the regions at which the images in (b) and (c)

were measured. SEM images of LSFLs obtained using (b) cylindrical lens and (c) circular lens. The laser fluence is 2.8 J/cm?, and the scanning

velocity is 3.1 mm/s. The scale bar in (b) and (c) is 5 um. (d) SEM image of cross section of LSFL on fused silica obtained using a laser focused

by a cylindrical lens. (e) and (f) are the 2D-FT images of the LSFLs in (b) and (c), respectively. (g) is the FT spectra for k, = 0 ym-".

femtosecond laser with a cylindrical lens, the peak of FT
spectra is higher and narrower. Therefore, those ob-
tained using a cylindrical lens have a more regular ar-
rangement than those obtained using a circular lens. The
reason is that the scattered light travels mainly in the dir-
ection perpendicular to the focal line when a cylindrical
lens is used; thus, the distribution of the interference
field of the scattered light and the incident laser field is
more regular.

Figure 4 shows SEM images of the microstructures on
fused silica obtained under different laser conditions.
Figure 4(c) and 4(d) are SEM images of the red areas in
Fig. 4(a) and 4(b), respectively. By combining with scan-
ning, large-area straight, regular LSFLs with a period of
718 nm are produced on the ablation stripe of the TBI
pattern. LSFLs are oriented parallel to the laser polariza-
tion. For semiconductors and metals, the surface plas-
mon polaritons (SPP) could easily be excited by the
femtosecond laser, and LSFLs were perpendicular to the
laser polarization direction®*. For the dielectrics such as
fused silica, LSFLs were mainly caused by the interfer-

ence of incident laser light with scattered light, and are
parallel to the laser polarization”*.

The measured interference period A is 4.94 um, which
is in good agreement with the theoretical value®*!. As

Fig. 4 | SEM images of micro-/nanostructures on fused silica pro-
duced by TBI, where each laser beam had a fluence of 2.8 J/cm?,
and the scanning velocity was (a) 8.2 and (b) 4.8 mm/s. (c) and (d)
are SEM images of the red areas in (a) and (b), respectively. The
green arrow represents the scanning direction. The scale bar is 20
ym in (a) and (b), and is 2 ym in (c) and (d).
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shown in Fig. 4(c), the interference period A consists of
two components, namely, the width w; of the ablation
stripe and the width w, of the unablated one (A = w; +
wy). The duty cycle of the ablation stripe is defined as
w1/A and is approximately 75% at a scanning velocity of
8.2 mm/s, and the shifter between each two pulses is 8.2
pm. If the scanning velocity is decreased to 4.8 mm/s and
the shifter between each two pulses is 4.8 pum, the duty
cycle increases to 95%, which is similar to that of nano-
grating structures with the same period (718 nm), as
shown in Fig. 4(d).

The periodic structures generated by TBI are much
more regular and straighter. The reason is that TBI pro-
duces an interference pattern of ablation stripes, which
are the excitation source for surface wave scattering dur-
ing subsequent ablation by the femtosecond laser pulses.
In contrast to that of structures produced using a single
beam, the surface scattered waves excited by the interfer-
ence pattern travel perpendicular to the interference
stripe along the sample surface and constructively inter-
fere with themselves. Therefore, the interference field of
the surface scattered waves and the incident laser be-
comes more intense and more regular, forming very
straight, uniform periodic structures on fused silica via
periodic energy modulation. In addition, the interfer-
ence pattern of the ablation stripes also constrains the
growth of the LIPSSs, improving their regularity and
straightness.

See Section 1 of Supplementary information, the
schematic of the nanostructures on fused silica surface
and the incident light in the numerical simulation with
COMSOL multiphysics software (COMSOL 4.4.0.150) is
presented®>*. It explains well that the periodic struc-
tures generated by TBI are much more regular and

straighter.

Effect of laser fluence and scanning velocity on the
formation of LIPSSs

To systematically study the production of regular LIPSSs
by TBI, the effects of the laser fluence and scanning velo-
city are studied in detail. Figure 5 shows the surface mi-
cro-/nanostructures obtained at different fluences and a
scanning velocity of 6.2 mm/s. At a laser fluence of 1.8
J/cm?, very straight and regular LIPSSs are formed on the
ablation stripes, as shown in Fig. 5(a). These LIPSSs are
parallel to the laser polarization direction. As the laser
fluence is increased to 2.1 J/cm? HSFLs and LSFLs are

https://doi.org/10.29026/0ea.2021.200036

formed simultaneously on the ablation stripes. At 2.8
J/cm?, very straight and regular LSFLs are formed on the
ablation stripes. At a laser fluence of 3.2 J/cm?, strong ab-

lation occurs, and the LIPSSs become curved and exhibit

T L
i

Fig. 5 | SEM images of micro-/nanostructures on fused silica ob-

deep ablation pits.

tained at a scanning velocity of 6.2 mm/s and laser fluences of (a)
1.8, (b) 2.1, (c) 2.8, and (d) 3.2 J/cm?. The scale bar is 2 um. Double
arrow indicates the laser polarization direction.

Figure 6 shows the LIPSS period and duty cycle for
different fluences. The period and the error of the period
in SEM are calculated by FFT (Fast Fourier Transform)
analysis. HSFLs were formed at low fluences of 1.1-2.1
J/cm?, whereas LSFLs were formed at higher fluences of
2.1-3.1 J/em?. At a fixed number of laser pulses (scan-
ning velocity), a clear transition from HSFL to LSFL oc-
curs when a critical fluence threshold (2.1 J/cm?) is ex-
ceeded’*. As shown in Fig. 5(c), at a laser fluence of 2.1
J/cm?, two periods exist simultaneously. The period in
the red region is approximately 712 nm, whereas that in
the green region is approximately 361 nm. The period of
the HSFLs is approximately half that of the LSFLs. As the
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Fig. 6 | LIPSS period and duty cycle versus fluence at a con-
stant scanning velocity of 6.2 mm/s.
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laser fluence decreases, the LSFLs split, and the period
drops to half that of the original.

The LIPSS period increases with increasing laser flu-
ence; however, the duty cycle remains approximately
85% with only slight fluctuations. This is a very interest-
ing observation, as it indicates that by varying the laser
fluence within a certain range, regular LIPSSs can be ob-
tained at a stable duty cycle. This finding has applica-
tions in structural color, anti-counterfeiting, and other
applications.

Figure 7 shows SEM images of micro-/nanostructures
on fused silica obtained at different scanning velocities
and a constant laser fluence of 2.8 J/cm? When the scan-
ning velocity is as high as 12 mm/s, the averaged com-
mulative pulses are only 4, and LIPSSs just begin to form.
When the scanning velocity is decreased to 6.2 or 4.8
mm/s, very straight and regular LIPSSs are formed on
the ablated area of the interference stripes. When the
scanning velocity is decreased further to less than 3.0
mm/s, the averaged commulative pulses are more than
12. The silica surface is severely ablated and exhibits
curved LIPSSs with considerable debris, as shown in
Fig. 7(d).
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Fig. 7 | SEM images of micro-/nanostructures on fused silica ob-
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tained at a constant laser fluence of 2.8 J/cm? and a scanning velo-
city of (a) 12, (b) 6.2, (c) 4.8, and (d) 2.4 mm/s. The scale bar is 5
um. The double-headed arrow and E in (a) indicate the incident laser
polarization direction.

Figure 8 shows the LIPSS period and duty cycle for
different scanning velocities at a constant laser fluence of
2.8 J/cm? The period of the LIPSS fluctuates around 710
+ 15 nm with decreasing scanning velocity”*. In addi-
tion, the duty cycle of the ablation area increases slowly
from 0.68 to 0.7 as the scanning velocity is from 12 to 8.8
mm/s. It increases quickly to 0.95 as the scanning velo-
city is decreased further to 4.8 mm/s. The unablated

areas are barely visible, and the resulting structure con-
sists of grating-like LIPSSs.

1000 ez 1.0
900 | \_ 10.9
. {08
800 |- S 07
T T .
= 700l% % PR B i i ©
E { 106g
3 600 4105 ;
& s00f 10443
400 | | 8'2
300 | 101
200 1 1 1 1 1 1 1 1 1

! 0.0
2 3 4 5 6 7 8 9 10 11 12 13
Velocity (mm/s)

Fig. 8 | LIPSS period and the duty cycle versus scanning velo-
city at a constant laser fluence of 2.8 J/cm?2.

Structural coloring

Figure 9(a) and 9(c) show the diffraction spectra of the
grating-like LIPSSs (duty cycle of 95%) and spaced
LIPSSs (duty cycle of 75%). The four diffraction spectra
are observed at the four diffraction angles of 42.5°, 50.8°,
57.1° and 65.4°, respectively. The grating-like structures
are fabricated by direct writing by TBI at a laser fluence
of 2.8 J/cm? and a scanning velocity of 4.8 mm/s, and the
space between the adjacent scanning lines is 0.5 mm.
Fused silica with a diameter of 28 mm can be processed
to obtain a colorful surface in 6 min. For the spaced
LIPSSs, the laser fluence is 2.8 J/cm?, and the scanning
velocity is 8.2 mm/s.

Figure 9(a) shows four diffraction spectra of the grat-
ing-like LIPSSs with peaks at 480, 550, 600, and 650 nm,
where the full width at half-maximum (FWHM) is 33.4,
31.1, 35.8, and 36.8 nm, respectively. Each diffraction
spectrum has only one peak, and the FWHM values are
all less than 40 nm. Therefore, the optical images show a
bright and vivid range of colors, as shown in Fig. 9(b).

The diffraction spectra of the sample with spaced
LIPSSs exhibit two peaks when the sample is observed at
a diffraction angle & of 42.5° in Fig. 9(c). The small peak
at 480 nm is at nearly the same wavelength as the peak of
the grating-like LIPSSs, and it is caused by the LIPSSs.
The other peak is at 670 nm and is the fifth-order diffrac-
tion peak due to the interference stripes with a distance
of 4.94 um. The red peak is 5 times of the blue one, and
the surface is fuchsia, as shown in Fig. 9(d). At a diffrac-
tion angle o of 50.8°, the diffraction peaks of the LIPSSs
and interference stripes appear at 546 and 550 nm,
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Fig. 9 | Optical characterization of structured silica surface with grating-like LIPSSs and spaced LIPSSs. (a) Diffraction spectra and (b)
color images of structured silica with grating-like LIPSSs. (c) Diffraction spectra and (d) color images of structured silica with spaced LIPSSs.

respectively. The shifts in the two peaks are much smal-
ler than the FWHM; thus, only one peak with a wider
FWHM of 67 nm is observed, as shown in Fig. 9(c).

The results shown in Fig. 9 are interesting for possible
applications in anti-counterfeiting logos. The grating-
like and spaced LIPSSs are produced on fused silica by
simply changing the scanning velocity from 4.8 to 8.2
mm/s at a constant laser fluence of 2.8 J/cm?. The sur-
face with grating-like structure exhibits colors ranging
from blue to red, whereas the color of the surface with
spaced LIPSSs ranges from green to red, and the spectra
have two diffraction peaks.

Masks consisting of 1-mm-thick steel plates are fabric-
ated by 2D laser scanning and placed on the fused silica.
Grating-like LIPSSs are produced in a pattern of falling
petals by direct writing by TBI. Figure 10 shows an optic-
al image with excellent structural colors. All the petals
(blue, green, red, and purple) are very vivid.

The flower pattern in tin foil is fabricated by 2D laser
scanning, and covers on the fused silica. A schematic of
the processing method is shown in Fig. 11(a), where the
red spikes represent laser spots, O denotes the center of
the rotatory stage, two short brown arrows on the circle
represent the rotation direction, and the green arrow

Fig. 10 | Optical image of falling petal pattern consisting of grat-
ing-like LIPSSs.

represents the scanning direction. Figure 11(b) shows the
schematic of the flower pattern. By adjusting the azi-
muth of the laser focus relative to the center of the rotat-
ing table and scanning the sample horizontally, two dif-
ferent directional LIPSSs (the azimuth direction and the
radial direction) can be created on the fused silica. Fig-
ure 11(c) and 11(d) show optical images of two flowers
with five petals each. In Fig. 11(c), the grating-like
LIPSSs forming each petal are oriented in the radial dir-
ection, whereas those in Fig. 11(d) are oriented in the
azimuthal direction. Therefore, the colors of the two
flowers differ greatly. However, each petal of the two
flowers is bright and vivid.
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Fig. 11 | Colorful optical images of two flower patterns consist-
ing of grating-like LIPSSs oriented in different directions. (a)
Schematic of the processing method. The green arrow represents
the scanning direction. (b) Schematic of the flower pattern. (c) The
images of flowers with grating-like LIPSSs in radial direction, and (d)
in azimuthal direction. Insets show SEM images of the grating-like
LIPSSs in the open red squares.

Conclusions

This study demonstrated an efficient method of fabricat-
ing regular, straight large-area LIPSSs on fused silica
through the interference of two femtosecond laser beams
focused by cylindrical lenses. The effects of the laser flu-
ence and scanning velocity on the formation of regular
LIPSSs were studied in detail. Grating-like or spaced
LIPSSs were produced on the fused silica surface and ex-
hibited two types of structural color, specifically, blue,
green, and red, or only green and red. Complex patterns
with grating-like LIPSSs oriented in different directions
were fabricated by mounting the fused silica on an
x/ylz/@ four-axis translation stage. These patterns exhib-
ited vivid structural colors when observed at different
angles. The processing method proposed in this paper
has potential applications for obtaining surface structur-
al colors, anti-counterfeiting logos, superhydrophobicity,
and so on.
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