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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 Chen1,2, Kaiqiang Cao1, Yanli Li1, Jukun Liu1, Shian Zhang1,
Donghai Feng1, Zhenrong Sun1 and Tianqing Jia1,2*

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
Laser-induced  periodic  surface  structures  (LIPSSs)  have
been  extensively  studied  in  various  materials,  including
conductors1−3,  semiconductors3−5 and  dielectrics6,7,  and
exhibit a great potential applications in many fields such
as  structural  colors8,9,  color-based  anti-counterfeiting10,
superhydrophobicity11,12,  and  birefringence13−15.  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

close  to  the  laser  wavelength  (λ– λ/2)16,17,  and  high-spa-
tial-frequency LIPSSs  (HSFLs),  with  periods  signific-
antly  smaller  than  the  laser  wavelength  (<λ/2)18,19.  The
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 surface20−22.  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 LSFLs23−25. The origin of HSFLs may be caused by
the second harmonic generation (SHG)26,27 or self-organ-
ization28,29, 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 beams30. 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  reported31.  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  process32.  Regular
LIPSSs  were  obtained  by  chemical-etching  assisted
femtosecond  laser  ablation33−35.  Large  area  uniform
LIPSSs could be processed with cylindrical lenses36. 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-
or-based  anti-counterfeiting,  and  wettability37,38.

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 layer39,40. The laser
fluences  were  usually  very  high  (>1  J/cm2).  Thereofore,
the residual  thermal  effect  on  the  surface  after  femto-
second  laser  ablation  was  very  strong,  leaving  re-solidi-
fied layer of several  μm thick41.  Therefore,  the LSFLs on
fused  silica  were  usually  curved  with  many  breaks  and
bifurcations7,17.

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/⌀ 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 mJ 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 2θ between the laser beams is 9.3°, and
the interference period Λ is  calculated as  4.94 μm using
the equation Λ = λ/2sinθ (laser wavelength λ = 0.8 μm).
The  two  cylindrical  lenses  (focal  length,  500  mm)  are
mounted vertically, and the focal spot is 50 μm 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/y/z/⌀ 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  ablation42.  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 α. The diffrac-
tion equation reveal the relationship between diffraction
spectra and observation angle α9: 

nλw = dsinα , (1)

where  the  integer n is  the  order  of  diffraction, λw is  the
wavelength  of  the  diffraction  spectrum  measured  at  the
angle α and d is the period of the LIPSSs (710 nm) or the
interference stripes (4.94 μm). 

Experimental results and discussion
 

LIPSSs on fused silica obtained by single beam
and TBI
Figure 3(a) presents a  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/cm2, 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.21. 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 layer39,40. 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-μm-thick  re-solidified  layer41. 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  μm–1,  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  μm–1,  which  indicates
that  the  LIPSS  period  is  715±150  nm.  When  focusing  a
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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 direction4,43. 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 polarization7,42.

The measured interference period Λ is 4.94 μm, which
is  in  good  agreement  with  the  theoretical  value9,44.  As
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shown in Fig. 4(c),  the  interference  period Λ consists  of
two  components,  namely,  the  width w1 of  the  ablation
stripe and the width w2 of  the unablated one (Λ = w1 +
w2).  The  duty  cycle  of  the  ablation  stripe  is  defined  as
w1/Λ and is approximately 75% at a scanning velocity of
8.2 mm/s, and the shifter between each two pulses is 8.2
μm. If the scanning velocity is decreased to 4.8 mm/s and
the  shifter  between  each  two  pulses  is  4.8  μm,  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
presented45,46. 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/cm2, 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/cm2,  HSFLs  and  LSFLs  are

formed  simultaneously  on  the  ablation  stripes.  At  2.8
J/cm2, very straight and regular LSFLs are formed on the
ablation stripes. At a laser fluence of 3.2 J/cm2, strong ab-
lation occurs, and the LIPSSs become curved and exhibit
deep ablation pits.

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/cm2,  whereas  LSFLs were formed at  higher  fluences  of
2.1 –3.1  J/cm2.  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/cm2) is  ex-
ceeded7,47.  As shown in Fig. 5(c), at a laser fluence of 2.1
J/cm2,  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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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/cm2. 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).

Figure 8 shows  the  LIPSS  period  and  duty  cycle  for
different scanning velocities at a constant laser fluence of
2.8 J/cm2. The period of the LIPSS fluctuates around 710
±  15  nm  with  decreasing  scanning  velocity7,42. 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. 

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/cm² 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/cm²,  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 α 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 μm. 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 α of 50.8°, the diffraction peaks of the LIPSSs
and  interference  stripes  appear  at  546  and  550  nm,
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μm. The double-headed arrow and E in (a) indicate the incident laser

polarization direction.
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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/cm².  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

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. 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.

 

50 mm

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

References
 Livakas N, Skoulas E, Stratakis E. Omnidirectional iridescence
via cylindrically-polarized femtosecond laser processing. Opto-
Electron Adv 3, 190035 (2020).

1.

 Graus P, Möller TB, Leiderer P, Boneberg J, Polushkin NI. Dir-
ect laser interference patterning of nonvolatile magnetic nano-

2.

structures  in  Fe60Al40 alloy via  disorder-induced  ferromagnet-
ism. Opto-Electron Adv 3, 190027 (2020).
 Varlamova O, Hoefner K, Ratzke M, Reif J, Sarker D. Modifica-
tion of surface properties of solids by femtosecond LIPSS writ-
ing:  comparative  studies  on  silicon  and  stainless  steel. Appl
Phys A 123, 725 (2017).

3.

 Huang M, Zhao FL, Cheng Y, Xu NS, Xu ZZ. Origin of laser-in-
duced near-subwavelength  ripples:  interference  between  sur-
face  plasmons  and  incident  laser. ACS  Nano 3,  4062–4070
(2009).

4.

 Zhang D S,  Sugioka K.  Hierarchical  microstructures with  high
spatial  frequency  laser  induced  periodic  surface  structures
possessing different orientations created by femtosecond laser
ablation  of  silicon  in  liquids. Opto-Electron  Adv 2,  190002
(2019).

5.

 Shimotsuma  Y,  Sakakura  M,  Kazansky  PG,  Beresna  M,  Qiu
JR et al. Ultrafast manipulation of self-assembled form birefrin-
gence in glass. Adv Mater 22, 4039–4043 (2010).

6.

 Höhm S, Rosenfeld A, Krüger J, Bonse J. Femtosecond laser-
induced periodic surface structures on silica. J Appl Phys 112,
014901 (2012).

7.

 Liu Y, Li SY, Niu SC, Cao XW, Han ZW et al. Bio-inspired mi-
cro-nano structured surface with structural color and anisotrop-
ic  wettability  on  Cu  substrate. Appl  Surf  Sci 379,  230–237
(2016).

8.

 Wu H, Jiao YL, Zhang CC, Chen C, Yang L et al.  Large area
metal micro-/nano-groove arrays with both structural color and
anisotropic wetting fabricated by one-step focused laser inter-
ference lithography. Nanoscale 11, 4803–4810 (2019).

9.

 Dusser  B,  Sagan  Z,  Soder  H,  Faure  N,  Colombier  JP  et  al.
Controlled nanostructrures formation by ultra fast laser pulses
for color marking. Opt Express 18, 2913–2924 (2010).

10.

 Giannuzzi G, Gaudiuso C, Di Mundo R, Mirenghi L, Fraggela-
kis F et al. Short and long term surface chemistry and wetting
behaviour of stainless steel with 1D and 2D periodic structures
induced by  bursts  of  femtosecond laser  pulses. Appl  Surf  Sci
494, 1055–1065 (2019).

11.

 Jalil SA, Akram M, Bhat JA, Hayes JJ, Singh SC et al.  Creat-
ing  superhydrophobic  and  antibacterial  surfaces  on  gold  by
femtosecond laser pulses. Appl Surf Sci 506, 144952 (2020).

12.

 Cerkauskaite  A,  Drevinskas  R,  Solodar  A,  Abdulhalim  I,
Kazansky PG. Form-birefringence in ITO thin films engineered
by  ultrafast  laser  nanostructuring. ACS  Photonics 4,
2944–2951 (2017).

13.

 Drevinskas  R,  Gecevičius  M,  Beresna  M,  Bellouard  Y,
Kazansky  PG.  Tailored  surface  birefringence  by  femtosecond
laser assisted wet etching. Opt Express 23, 1428–1437 (2015).

14.

 Drevinskas  R,  Beresna  M,  Gecevičius  M,  Khenkin  M,
Kazanskii A  G  et  al.  Giant  birefringence  and  dichroism  in-
duced by ultrafast laser pulses in hydrogenated amorphous sil-
icon. Appl Phys Lett 106, 171106 (2015).

15.

 Jiang L, Shi XS, Li X, Yuan YP, Wang C et al. Subwavelength
ripples adjustment based on electron dynamics control  by us-
ing  shaped  ultrafast  laser  pulse  trains. Opt  Express 20,
21505–21511 (2012).

16.

 Xu SZ, Yao CZ, Liao W, Yuan XD, Wang T et al. Experimental
study on 800 nm femtosecond laser ablation of fused silica in
air and vacuum. Nucl Instrum Meth B 385, 46–50 (2016).

17.

 Liang F, Vallée R, Chin SL. Mechanism of nanograting forma-
tion on the surface of fused silica. Opt Express 20, 4389–4396

18.

 

60 mm

4 3

2

1

5

x

y

o

a b

c d

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.

Opto-Electron Adv  4, 200036 (2021) https://doi.org/10.29026/oea.2021.200036

200036-8

 

https://doi.org/10.29026/oea.2020.190035
https://doi.org/10.29026/oea.2020.190035
https://doi.org/10.29026/oea.2020.190027
https://doi.org/10.1007/s00339-017-1362-y
https://doi.org/10.1007/s00339-017-1362-y
https://doi.org/10.1021/nn900654v
https://doi.org/10.29026/oea.2019.190002
https://doi.org/10.1002/adma.201000921
https://doi.org/10.1063/1.4730902
https://doi.org/10.1016/j.apsusc.2016.03.234
https://doi.org/10.1039/C8NR09747J
https://doi.org/10.1364/OE.18.002913
https://doi.org/10.1016/j.apsusc.2019.07.126
https://doi.org/10.1016/j.apsusc.2019.144952
https://doi.org/10.1021/acsphotonics.7b01082
https://doi.org/10.1364/OE.23.001428
https://doi.org/10.1063/1.4919538
https://doi.org/10.1364/OE.20.021505
https://doi.org/10.1016/j.nimb.2016.06.016
https://doi.org/10.1364/OE.20.004389
https://doi.org/10.29026/oea.2020.190035
https://doi.org/10.29026/oea.2020.190035
https://doi.org/10.29026/oea.2020.190027
https://doi.org/10.1007/s00339-017-1362-y
https://doi.org/10.1007/s00339-017-1362-y
https://doi.org/10.1021/nn900654v
https://doi.org/10.29026/oea.2019.190002
https://doi.org/10.1002/adma.201000921
https://doi.org/10.1063/1.4730902
https://doi.org/10.1016/j.apsusc.2016.03.234
https://doi.org/10.1039/C8NR09747J
https://doi.org/10.1364/OE.18.002913
https://doi.org/10.1016/j.apsusc.2019.07.126
https://doi.org/10.1016/j.apsusc.2019.144952
https://doi.org/10.1021/acsphotonics.7b01082
https://doi.org/10.1364/OE.23.001428
https://doi.org/10.1063/1.4919538
https://doi.org/10.1364/OE.20.021505
https://doi.org/10.1016/j.nimb.2016.06.016
https://doi.org/10.1364/OE.20.004389


(2012).
 Le  Harzic  R,  Dörr  D,  Sauer  D,  Neumeier  M,  Epple  M  et  al.
Large-area,  uniform,  high-spatial-frequency  ripples  generated
on silicon using a nanojoule-femtosecond laser at high repeti-
tion rate. Opt Lett 36, 229–231 (2011).

19.

 Emmony  DC,  Howson  RP,  Willis  LJ.  Laser  mirror  damage  in
germanium at 10.6 μm. Appl Phys Lett 23, 598–600 (1973).

20.

 Sipe JE, Young JF, Preston JS, Van Driel  HM. Laser-induced
periodic  surface  structure.  I.  Theory. Phys  Rev  B 27,
1141–1154 (1983).

21.

 Bonse J, Munz M, Sturm H. Structure formation on the surface
of indium phosphide irradiated by femtosecond laser pulses. J
Appl Phys 97, 013538 (2005).

22.

 Miyaji G, Miyazaki K. Origin of periodicity in nanostructuring on
thin  film  surfaces  ablated  with  femtosecond  laser  pulses. Opt
Express 16, 16265–16271 (2008).

23.

 Bonse J,  Rosenfeld  A,  Krüger  J.  On  the  role  of  surface  plas-
mon polaritons  in  the  formation  of  laser-induced  periodic  sur-
face structures upon irradiation of silicon by femtosecond-laser
pulses. J Appl Phys 106, 104910 (2009).

24.

 Du G, Yang Q,  Chen F,  Bian H,  Meng X et  al.  Ultrafast  elec-
tron  dynamics  manipulation  of  laser  induced  periodic  ripples
via  a  train  of  shaped  pulses. Laser  Phys  Lett 10,  026003
(2013).

25.

 Borowiec  A,  Haugen  HK.  Subwavelength  ripple  formation  on
the  surfaces  of  compound  semiconductors  irradiated  with
femtosecond  laser  pulses. Appl  Phys  Lett 82,  4462–4464
(2003).

26.

 Jia TQ, Chen HX, Huang M, Zhao FL, Qiu JR et al. Formation
of nanogratings on the surface of a ZnSe crystal irradiated by
femtosecond laser pulses. Phys Rev B 72, 125429 (2005).

27.

 Shimotsuma Y, Kazansky PG, Qiu JR, Hirao K. Self-organized
nanogratings in glass irradiated by ultrashort light pulses. Phys
Rev Lett 91, 247405 (2003).

28.

 Reif J, Costache F, Henyk M, Pandelov SV. Ripples revisited:
non-classical  morphology  at  the  bottom  of  femtosecond  laser
ablation  craters  in  transparent  dielectrics. Appl  Surf  Sci
197–198, 891–895 (2002).

29.

 Jalil SA, Yang JJ, ElKabbash M, Singh SC, Guo CL. Maskless
formation of  uniform  subwavelength  periodic  surface  struc-
tures by double temporally-delayed femtosecond laser beams.
Appl Surf Sci 471, 516–520 (2019).

30.

 Vass C, Osvay K, Hopp B. Fabrication of 150 nm period grat-
ing  in  fused  silica  by  two-beam  interferometric  laser  induced
backside  wet  etching  method. Opt  Express 14,  8354–8359
(2006).

31.

 Alamri S, Fraggelakis F, Kunze T, Krupop B, Mincuzzi G et al.
On  the  interplay  of  DLIP  and  LIPSS  upon  ultra-short  laser
pulse irradiation. Materials 12, 1018 (2019).

32.

 Hnatovsky C, Taylor RS, Simova E, Bhardwaj VR, Rayner DM
et  al.  Polarization-selective  etching  in  femtosecond  laser-as-
sisted  microfluidic  channel  fabrication  in  fused  silica. Opt  Lett
30, 1867–1869 (2005).

33.

 Lorenz  P,  Ehrhardt  M,  Zimmer  K.  Laser-induced  front  side
etching  of  fused  silica  with  femtosecond  laser  radiation  using
thin metal layers. Appl Surf Sci 278, 255–258 (2013).

34.

 Liu XQ,  Bai  BF,  Chen  QD,  Sun  HB.  Etching-assisted  femto-
second laser modification of hard materials. Opto-Electron Adv

35.

2, 190021 (2019).
 Ardron  M,  Weston  N,  Hand  D.  A  practical  technique  for  the
generation  of  highly  uniform  LIPSS. Appl  Surf  Sci 313,
123–131 (2014).

36.

 Cao Q, Zheng SL, Wong CP, Liu S, Peng Q. Massively Engin-
eering the wettability of  titanium by tuning nanostructures and
roughness  via  laser  ablation. J  Phys  Chem  C 123,
30382–30388 (2019).

37.

 Weber FR, Kunz C, Gräf S, Rettenmayr M, Müller FA. Wettab-
ility analysis  of  water  on  metal/semiconductor  phases  select-
ively structured  with  femtosecond  laser-induced  periodic  sur-
face structures. Langmuir 35, 14990–14998 (2019).

38.

 Jia TQ, Chen HX, Huang M, Zhao FL, Li XX et al.  Ultraviolet-
infrared femtosecond laser-induced damage in fused silica and
CaF2 crystals. Phys Rev B 73, 054105 (2006).

39.

 Jia TQ, Xu ZZ, Li XX, Li RX, Shuai B et al. Microscopic mech-
anisms of  ablation and micromachining of  dielectrics by using
femtosecond lasers. Appl Phys Lett 82, 4382–4384 (2003).

40.

 Chen L, Cao KQ, Liu JK, Jia TQ, Li YL et al. Surface birefrin-
gence of regular periodic surface structures produced on glass
coated with an indium tin oxide film using a low-fluence femto-
second  laser  through  a  cylindrical  lens. Opt  Express 28,
30094–30106 (2020).

41.

 Fang Z, Zhao YA, Shao JD. Femtosecond laser-induced peri-
odic  surface  structure  on  fused  silica  surface. Optik 127,
1171–1175 (2016).

42.

 Gurevich  EL,  Gurevich  SV.  Laser  induced  periodic  surface
structures induced  by  surface  plasmons  coupled  via  rough-
ness. Appl Surf Sci 302, 118–123 (2014).

43.

 Jia X, Jia TQ, Zhang Y, Xiong PX, Feng DH et al. Optical ab-
sorption  of  two  dimensional  periodic  microstructures  on  ZnO
crystal fabricated by the interference of two femtosecond laser
beams. Opt Express 18, 14401–14408 (2010).

44.

 Xia YJ, Zhao H, Zheng CJ, Zhang SA, Feng DH et al. Select-
ive  excitation  on  tip-enhanced  Raman  spectroscopy  by  pulse
shaping femtosecond laser. Plasmonics 14, 523–531 (2019).

45.

 Kluczyk K,  David  C,  Jacak  J,  Jacak  W.  On modeling  of  plas-
mon-induced enhancement of the efficiency of solar cells mod-
ified by metallic nano-particles. Nanomaterials 9, 3 (2019).

46.

 Xu SZ,  Dou HQ, Sun K,  Ye YY,  Li  ZX et  al.  Scan speed and
fluence effects in femtosecond laser induced micro/nano-struc-
tures  on  the  surface  of  fused  silica. J  Non-Cryst  Solids 492,
56–62 (2018).

47.

Acknowledgements
We are grateful for financial supports from the Foundation of “Manufactur-
ing beyond limits”, and the Science and Technology Commission of Shang-
hai  Municipality  (Grant  No.  19ZR1414500),  the  National  Natural  Science
Foundation of China (Grant Nos. 11474097, 11804227, 91950112), and the
Open Fund of the State Key Laboratory of High Field Laser Physics (Shang-
hai Institute of Optics and Fine Mechanics).

Competing interests
The authors declare no competing financial interests.

Supplementary information
Supplementary information for this paper is available at
https://doi.org/10.29026/oea.2021.200036

Opto-Electron Adv  4, 200036 (2021) https://doi.org/10.29026/oea.2021.200036

200036-9

 

https://doi.org/10.1364/OL.36.000229
https://doi.org/10.1063/1.1654761
https://doi.org/10.1103/PhysRevB.27.1141
https://doi.org/10.1063/1.1827919
https://doi.org/10.1063/1.1827919
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1063/1.3261734
https://doi.org/10.1088/1612-2011/10/2/026003
https://doi.org/10.1063/1.1586457
https://doi.org/10.1103/PhysRevB.72.125429
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1016/j.apsusc.2018.12.029
https://doi.org/10.1364/OE.14.008354
https://doi.org/10.3390/ma12071018
https://doi.org/10.1364/OL.30.001867
https://doi.org/10.1016/j.apsusc.2012.11.047
https://doi.org/10.29026/oea.2019.190021
https://doi.org/10.1016/j.apsusc.2014.05.154
https://doi.org/10.1021/acs.jpcc.9b08580
https://doi.org/10.1021/acs.langmuir.9b02406
https://doi.org/10.1103/PhysRevB.73.054105
https://doi.org/10.1063/1.1583857
https://doi.org/10.1364/OE.402037
https://doi.org/10.1016/j.ijleo.2015.10.210
https://doi.org/10.1016/j.apsusc.2013.10.141
https://doi.org/10.1364/OE.18.014401
https://doi.org/10.1007/s11468-018-0830-3
https://doi.org/10.1016/j.jnoncrysol.2018.04.018
https://doi.org/10.29026/oea.2021.200036
https://doi.org/10.1364/OL.36.000229
https://doi.org/10.1063/1.1654761
https://doi.org/10.1103/PhysRevB.27.1141
https://doi.org/10.1063/1.1827919
https://doi.org/10.1063/1.1827919
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1063/1.3261734
https://doi.org/10.1088/1612-2011/10/2/026003
https://doi.org/10.1063/1.1586457
https://doi.org/10.1103/PhysRevB.72.125429
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1016/j.apsusc.2018.12.029
https://doi.org/10.1364/OE.14.008354
https://doi.org/10.3390/ma12071018
https://doi.org/10.1364/OL.30.001867
https://doi.org/10.1016/j.apsusc.2012.11.047
https://doi.org/10.29026/oea.2019.190021
https://doi.org/10.1016/j.apsusc.2014.05.154
https://doi.org/10.1021/acs.jpcc.9b08580
https://doi.org/10.1021/acs.langmuir.9b02406
https://doi.org/10.1103/PhysRevB.73.054105
https://doi.org/10.1063/1.1583857
https://doi.org/10.1364/OE.402037
https://doi.org/10.1016/j.ijleo.2015.10.210
https://doi.org/10.1016/j.apsusc.2013.10.141
https://doi.org/10.1364/OE.18.014401
https://doi.org/10.1007/s11468-018-0830-3
https://doi.org/10.1016/j.jnoncrysol.2018.04.018
https://doi.org/10.29026/oea.2021.200036
https://doi.org/10.1364/OL.36.000229
https://doi.org/10.1063/1.1654761
https://doi.org/10.1103/PhysRevB.27.1141
https://doi.org/10.1063/1.1827919
https://doi.org/10.1063/1.1827919
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1063/1.3261734
https://doi.org/10.1088/1612-2011/10/2/026003
https://doi.org/10.1063/1.1586457
https://doi.org/10.1103/PhysRevB.72.125429
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1016/j.apsusc.2018.12.029
https://doi.org/10.1364/OE.14.008354
https://doi.org/10.3390/ma12071018
https://doi.org/10.1364/OL.30.001867
https://doi.org/10.1016/j.apsusc.2012.11.047
https://doi.org/10.29026/oea.2019.190021
https://doi.org/10.1364/OL.36.000229
https://doi.org/10.1063/1.1654761
https://doi.org/10.1103/PhysRevB.27.1141
https://doi.org/10.1063/1.1827919
https://doi.org/10.1063/1.1827919
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1364/OE.16.016265
https://doi.org/10.1063/1.3261734
https://doi.org/10.1088/1612-2011/10/2/026003
https://doi.org/10.1063/1.1586457
https://doi.org/10.1103/PhysRevB.72.125429
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1103/PhysRevLett.91.247405
https://doi.org/10.1016/j.apsusc.2018.12.029
https://doi.org/10.1364/OE.14.008354
https://doi.org/10.3390/ma12071018
https://doi.org/10.1364/OL.30.001867
https://doi.org/10.1016/j.apsusc.2012.11.047
https://doi.org/10.29026/oea.2019.190021
https://doi.org/10.1016/j.apsusc.2014.05.154
https://doi.org/10.1021/acs.jpcc.9b08580
https://doi.org/10.1021/acs.langmuir.9b02406
https://doi.org/10.1103/PhysRevB.73.054105
https://doi.org/10.1063/1.1583857
https://doi.org/10.1364/OE.402037
https://doi.org/10.1016/j.ijleo.2015.10.210
https://doi.org/10.1016/j.apsusc.2013.10.141
https://doi.org/10.1364/OE.18.014401
https://doi.org/10.1007/s11468-018-0830-3
https://doi.org/10.1016/j.jnoncrysol.2018.04.018
https://doi.org/10.29026/oea.2021.200036
https://doi.org/10.1016/j.apsusc.2014.05.154
https://doi.org/10.1021/acs.jpcc.9b08580
https://doi.org/10.1021/acs.langmuir.9b02406
https://doi.org/10.1103/PhysRevB.73.054105
https://doi.org/10.1063/1.1583857
https://doi.org/10.1364/OE.402037
https://doi.org/10.1016/j.ijleo.2015.10.210
https://doi.org/10.1016/j.apsusc.2013.10.141
https://doi.org/10.1364/OE.18.014401
https://doi.org/10.1007/s11468-018-0830-3
https://doi.org/10.1016/j.jnoncrysol.2018.04.018
https://doi.org/10.29026/oea.2021.200036

	Introduction
	Experimental
	Schematic of the experimental set-up
	The setup for the optical characterization

	Experimental results and discussion
	LIPSSs on fused silica obtained by single beam and TBI
	Effect of laser fluence and scanning velocity on the formation of LIPSSs
	Structural coloring

	Conclusions

