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Periodic transparent nanowires in ITO film
fabricated via femtosecond laser direct writing
Qilin Jiang1, Long Chen1*, Jukun Liu1, Yuchan Zhang1, Shian Zhang1,
Donghai Feng1, Tianqing Jia1,3*, Peng Zhou2, Qian Wang2,
Zhenrong Sun1 and Hongxing Xu1

This paper reports the fabrication of regular large-area laser-induced periodic surface structures (LIPSSs) in indium tin
oxide (ITO) films via femtosecond laser direct writing focused by a cylindrical lens. The regular LIPSSs exhibited good
properties as nanowires, with a resistivity almost equal to that of the initial ITO film. By changing the laser fluence, the
nanowire resistances could be tuned from 15 to 73 kΩ/mm with a consistency of ±10%. Furthermore, the average trans-
mittance of the ITO films with regular LIPSSs in the range of 1200–2000 nm was improved from 21% to 60%. The regu-
lar LIPSS is promising for transparent electrodes of nano-optoelectronic devices—particularly in the near-infrared band.

Keywords: transparent  nanowires; periodic  surface  nanostructures; femtosecond  laser  direct  writing; ITO  film; 
anisotropic electrical conductivity

Jiang QL, Chen L, Liu JK, Zhang YC, Zhang SA et al. Periodic transparent nanowires in ITO film fabricated via femtosecond laser direct
writing. Opto-Electron Sci 2, 220002 (2023).

 

 Introduction
Indium-tin  oxide  (ITO)  films  with  a  wide  bandgap  of
3.5–4.3  eV  provide  high  electrical  conductivity  (~10–6

Ω·m) and transmittance (>85%) in the visible and near-
infrared (NIR) wavelengths. Because of their unique op-
toelectronic properties, ITO films have been widely used
as  transparent  electrodes  for  solar  cells  and  liquid-crys-
tal displays, and as anode coatings for organic light-emit-
ting diodes1−3.

Modulating the  properties  of  ITO  films  by  using  ap-
propriate preparation  methods  and  parameters  is  im-
portant3−5.  The  commonly  used  methods  for  ITO  films
include chemical  vapor deposition,  magnetic sputtering,
evaporative coating and pulsed laser deposition. The de-

position parameters, such as the element doping concen-
tration,  gas  atmosphere,  ambient  pressure  and sintering
temperature, significantly affect the optoelectronic prop-
erties. Parra-Barranco et al. prepared ITO films with an-
isotropic in-plane conductivity and dichroic behavior via
electron-beam evaporation at oblique angles6.

For  half  a  century,  laser-induced  periodic  surface
structures  (LIPSSs)  have  been  intensively  studied  with
the  development  of  laser  technology7. LIPSSs  are  classi-
fied into two types according to their periodic character-
istics:  low-spatial  frequency  LIPSSs  (LSFLs, λ/2–λ)  and
high-spatial frequency LIPSSs (HSFLs, <λ/2). The LIPSS
is  a  universal  phenomenon,  and has  been demonstrated
on the surfaces of metals, semiconductors and transparent 
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materials  irradiated  by  linearly  polarized  lasers5,8−14.
These  periodic  nanostructures  can be used to  efficiently
modify the  properties  of  materials  and  have  many  ap-
plications  in  surface  coloring15−18,  birefringence  optical
elements19,20, and surface wettability21−23.

Fabricating  LIPSSs  on  ITO  films  is  a  unique  method
for  modulating  the  optical  and  electrical  characteristics.
Reinhardt et al.  enhanced the robustness of an ITO film
in a severe environment (i.e.,  strong acid) by fabricating
LIPSS  with  a  nanosecond laser,  which  was  attributed  to
the  mixture  phase  state  of  the  substrate  and  ITO film24.
However, the  excessive  heat  generated  by  the  nano-
second laser  caused crystallization in  the  deep layer,  in-
creasing the resistivity of the ITO film25. Liu et al. repor-
ted the  processing  of  LIPSSs  on  ITO  films  with  a  pico-
second  laser  to  improve  the  transmittance  of  infrared
light  while  ensuring  a  low  resistance26.  Femtosecond
laser nanostructured ITO-coated glass was used as both a
liquid-crystal alignment layer and an electrode with high
transparency  in  optoelectronic  devices.  Moreover,  the
angular  orientation  of  the  LIPSSs  responded  differently
from one another  to  bias  voltage27. Interestingly,  femto-
second laser energy can be transferred to ITO films in an
extremely short time with less residual heat than that of
nanosecond  or  picosecond  laser,  and  femtosecond  laser
direct writing is an efficient method for fabricating regu-
lar LIPSSs on ITO films19,28.

In  this  study,  the  anisotropic  electrical  conductivity
and  transmittance  in  the  visible  and  infrared  range  of
ITO films fabricated via femtosecond laser direct writing
were  investigated.  A  femtosecond  laser  with  a  central
wavelength of 1030 nm, pulse width of 190 fs, and repeti-
tion rate of 1 kHz was focused on an ITO film by a cyl-
indrical lens. Periodic ablation, regular LSFLs and partly
damaged  LSFLs  were  formed  in  sequence  on  the  ITO
films by increasing the laser fluence. The ratio of the an-
isotropic electrical conductivity was adjusted in the range
of  1–10.8  by  varying  the  laser  fluence  in  the  range  of
0–0.488  J/cm2.  Interestingly,  regular  large-area  LSFLs
were  efficiently  fabricated  on  the  ITO  film  by  changing
the laser fluence in the range of 0.510–0.637 J/cm2. These
LSFLs exhibited  the  properties  of  nanowires;  the  resist-
ance varied from 15 to 73 kΩ/mm with a consistency of
±10%. The element concentrations and the resistivity of
the  LSFL  nanowires  and  the  ITO  film  with  different
thicknesses  were  studied  in  detail.  The  results  indicated
that the resistivity of the LSFL nanowires was well main-
tained.  Furthermore,  the  average  transmittance  of  the

ITO film with LSFL nanowires in the infrared band was
increased by 197% compared with that of the initial ITO
film.

 Experimental

 Setup for femtosecond laser direct writing of LIPSS
In the experiment, a femtosecond laser was used to gen-
erate  laser  pulses  with  a  center  wavelength  of 1030 nm,
pulse  duration  of  190  fs,  repetition  rate  of  1  kHz,  and
single-pulse energy  of  1  mJ  (PHAROS,  Light  Conver-
sion).  The  laser  system  had  an  attenuator,  which  was
used to adjust the laser power, as shown in Fig. 1(a). The
focal length  of  the  cylindrical  lens  used  in  the  experi-
ment  was  50  mm,  and  the  focal  spot  was  15  μm  (1/e2)
wide and 4 mm long, as shown in Fig. 1(b). A half-wave
plate  was  used  to  align  the  laser  polarization  parallel  to
the x-axis.  The  sample  was  placed  on  an  electronically
controlled three-axis  translation stage.  During laser  fab-
ricating  LSFLs,  the  laser  was  scanning  along  the x-axis
direction, and the ripples of LSFLs were along the z-axis
direction. Figure 1(b) shows the  schematics  of  laser  po-
larization,  focal  spot,  scanning  direction,  transverse  and
longitudinal directions.

Monitor system 1 was composed of white-light source
1,  CCD  1,  and  the  dichroic  mirror,  which  was  used  to
image the laser processing in real time. Monitor system 2
was  composed  of  white-light  source  2,  CCD  2,  and  the
50× telephoto objective, which was used to precisely ad-
just  the  laser  focus  and  sample  surface,  and  to  observe
the  surface  microstructures  after  laser  direct  writing
without removing the sample.

 Sample preparation
The  sample  used  in  the  experiment  was  a  commercial
ITO  film  with  a  thickness  of  185  ±  10  nm  coated  on  a
substrate of quartz glass. The sheet resistance was meas-
ured to be 7.07 Ω/sq,  and the resistivity  was 1.31 × 10–6

Ω·m. ITO films with different thicknesses of 30–1200 nm
were  also  studied.  Before  laser  irradiation,  the  sample
was  ultrasonically  cleaned  with  different  solvents19.  The
sample  was  washed  with  a  10%  acetone  solution  for  15
min to remove the surface oil stains and then with a 10%
ethanol solution for 20 min to remove the residual acet-
one  on  the  surface.  Then,  it  was  washed  with  a  large
amount of deionized water for 30 min to remove the sur-
face ethanol.
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 Measurement of electrical properties of ITO film
after laser direct writing
The electrical properties of the ITO film after laser direct
writing  were  measured  macroscopically  via  the  four-
probe method with a probe-tip diameter of 20 μm29. The
resistance of a single nanowire was accurately measured
via  the  dual-probe method.  The probe-tip  diameter  was
<500 nm.  Details  are  presented  in  Supplementary  in-
formation.

 Measurement of surface morphology of ITO film
after laser direct writing
The surface morphology was examined using a scanning
electron  microscope  (SEM,  Sigma  300,  ZEISS)  and  an
optical  confocal  microscope  (Smartproof  5,  ZEISS).
Semi-quantitative  measurement  of  the  element  contents

was performed  using  energy-dispersive  X-ray  spectro-
scopy  (EDS).  The  EDS  instrument  was  an  accessory  of
SEM and had an information depth of 600 nm.

 Measurement of transmittance of ITO film after
laser direct writing
The  transmittance  of  the  ITO  film  was  measured  using
an  UV–vis–NIR  spectrophotometer  (LAMBDA  950,
PerkinElmer).

 Results and discussion

 Efficient fabrication of regular and large-area LSFLs
Laser processing parameters, including laser wavelength,
fluence, and scanning speed, play crucial roles in the effi-
cient and high-quality fabrication30. The transmittance of
ITO film in the visible region is higher than 85%. When
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processing  thick  ITO films,  it  is  advisable  to  use  a  laser
with a central wavelength in the visible region because of
its  deep  penetration  depth31.  UV lasers  could  be  chosen
for  the  processing  of  LIPSSs  with  a  shorter  period.  A
commercial femtosecond laser with a central wavelength
of 1030 nm was  selected  for  the  experiment.  Compared
with  the  515  nm  and  343  nm  femtosecond  lasers,  the
1030 nm  laser  as  the  fundamental  frequency  laser  has
higher  output  power  and  is  more  stable.  Moreover,  the
ITO film has a higher absorption rate, and the processed
LIPSSs are regular, which are beneficial to industrial ap-
plications. Laser fluence and scanning speed are two key
parameters for fabricating regular LIPSSs in ITO films32.
In the following, the formation of LIPSSs is investigated
in detail by varying the laser fluence and scanning speed.

Figure 2 shows  SEM  images  of  ITO  films  after  laser
direct  writing  with  different  fluences.  The  scanning
speed was 3 mm/s. When the fluence was as low as 0.212
J/cm2,  as  shown  in Fig. 2(a), interval  band-shaped  abla-
tion (periodic ablation) perpendicular to the laser polar-

ization  was  observed.  When  the  fluence  increased  to
0.446  J/cm2, LSFLs  perpendicular  to  the  laser  polariza-
tion  appeared  in  the  periodic  ablation  area.  When  the
fluence increased to 0.531 J/cm2, as shown in Fig. 2(c), a
regular  LSFL with  a  period  of  929  nm was  formed over
the entire ablated region. When the fluence increased to
0.679 J/cm2, the ridge of the LSFL fractured laterally, res-
ulting in poor uniformity of the LSFL. In summary, three
types  of  surface  morphologies  were  formed  on  the  ITO
film surface by increasing the laser fluence: periodic abla-
tion, regular LSFLs, and partly damaged LSFLs.

In addition to the significant effect of the laser fluence
on the formation of the LSFL, the cumulative number of
laser pulses has a substantial influence. Figure 3 presents
the processing parameters (scanning speed and laser flu-
ence) corresponding  to  the  three  aforementioned  sur-
face morphologies.  At  a  higher  speed,  the  fluence  win-
dow was wider for the fabrication of a regular LSFL. For
a scanning speed of 4 mm/s,  the fluence window was as
wide as 0.42 J/cm2. However, the ridge height of the LSFL
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was  lower  than  those  for  scanning  speeds  of  2  and  3
mm/s.  The fluence window for a  regular  LSFL was only
0.1 J/cm2 when the scanning speed decreased to 1 mm/s,
because of the excessive laser pulses. These results indic-
ate  that  for  efficiently  fabricating  regular  and  large-area
LSFLs, a scanning speed of 3 mm/s is optimal.
 
 

1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Partly damaged LSFL
Regular LSFL
Periodic ablation

1.1

2

Scanning speed (mm/s)

F
lu

e
n

c
e
 (

J
/c

m
2
)

3 4

Fig. 3 | Laser fluences and scanning speeds for the three types
of surface morphologies.
 

In  the  experiment,  the  cylindrical  lens  with  a  focal
length  of  50  mm  was  used,  and  the  length  of  the  focal
spot was  4  mm.  At  the  same  scanning  speed,  the  pro-
cessing efficiency  was  improved  by  two  orders  of  mag-

nitude compared with that of a circular lens, which is be-
neficial  for  the  preparation  of  large-area  LSFLs. Figure
4(a) presents  an  SEM  image  of  the  large-area  LSFL  on
the ITO film. The laser fluence was 0.552 J/cm2,  and the
scanning speed was 3 mm/s. Figure 4(b) presents an en-
larged  SEM  image  corresponding  to  the  red  square  in
Fig. 4(a),  and Fig. 4(c) shows the  Fourier  transform im-
age of Fig. 4(b). The structures were regular, with a peri-
od  of  929  ±  5  nm,  and  were  perpendicular  to  the  laser
polarization  direction.  The  depth  of  the  LSFL  was  very
consistent,  with  an  average  value  of  207  ±  5  nm,  which
was slightly larger than the depth of the ITO film (185 ±
10 nm).

The thickness of pristine ITO film was about 185 nm,
while the depth of LSFLs was about 200 nm. The deeper
LSFLs were caused by two reasons. During laser ablation,
the ITO material  at  the bottom of the valley was greatly
ablated.  Due  to  the  eruption  of  ablated  plume  and
thermal  stress,  part  of  the  material  was  pushed  towards
the ridge, resulting in an increase in the depth of the LS-
FLs. Cheng et al and Zhou et al reported the formation of
LSFLs  by  pump-probe  imaging,  clearly  demonstrating
the  formation  of  LSFLs  on  Au  thin  films,  and  the
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immersion caused by the molten surface layer33,34. Obvi-
ous  bulges  on  both  sides  of  the  edge  on  ITO  film  were
clearly observed after laser ablation35,36, which further in-
dicated that partial of the ablated material in the valley of
LSFLs could be stacked on the ridges. Another reason is
that  there  may  be  slight  ablation  of  the  substrate  glass
during the  laser  direct  writing  of  ITO film,  but  it  is  not
the main reason for the deepening of LSFLs, because the
ablation  threshold  of  ITO  film  was  much  smaller  than
that of glass37,38.

Gratings  in  a  large-area  can be  fabricated at  one  shot
by  two-beam  interference  of  continuous  wave  (CW)
laser.  However,  CW laser  has  strong  material  selectivity
during processing, and it will bring large thermal effects
during  processing.  The  thermal  effects  will  cause  the
gratings to be partially submerged as the material melts,
resulting in shallower depths.

Regular  gratings  can  be  fabricated  by  femtosecond
laser  directing  writing  with  two-beam  interference32,39.
Femtosecond laser has almost no material selectivity, and
the  thermal  effect  during  processing  is  much  smaller
than that of CW laser. However, if a grating with a peri-
od  of  929  nm is  processed  using  two-beam interference
of 1030 nm  femtosecond  laser,  the  cross  angle  between
the  two  laser  beams  should  be  about  67°.  For  a  50  mm
cylindrical lens, the focal spot width is only 15 μm, which
means that if the sample is deviated by 5 μm in the front-
to-back  direction  during  processing,  the  focal  spots  of
the two laser beams will be partly separated. Therefore, it
is very difficult to fabricate grating in a large area by the
two-beam  interference  of  femtosecond  laser.  Moreover,
the  coherence  of  the  two  femtosecond  lasers  becomes
poor due  to  the  large  cross  angle,  and  the  grating  be-
comes shallower.

In  the  experiment,  regular  LSFLs  with  depths  larger
than 200 nm were efficiently processed by direct writing
with single femtosecond laser. This processing method is
simple, stable and efficient, and convenient for industri-
al promotion.

 LSFL nanowires
The resistance of the ITO film is significantly affected by
the  surface  morphology  after  laser  direct  writing.  The
resistance  was  measured  along  the  longitudinal  and
transverse  directions  of  the  LSFL  using  the  four-probe
method29.  The  measured  resistance  was  converted  into
the equivalent sheet resistance, as shown in Fig. 5.

The isotropous sheet resistance of the initial ITO film

was  measured  to  be  7.07  Ω/sq.  When  the  laser  fluence
was < 0.212 J/cm2, the sheet resistance changed little ow-
ing  to  the  slight  ablation,  as  shown  in Fig. 5.  When  the
laser  fluence  was  >  0.23  J/cm2, the  sheet  resistance  in-
creased rapidly. As shown in Fig. 2(b), the periodic abla-
tion caused the transverse (T) and longitudinal (L) elec-
trical  conductivities  to  differ  significantly.  The  spaced
ablation  reduced  the  electrical  conductivity  along  the
transverse  direction,  but  hardly  affected  the  electrical
conductivity  in  the  longitudinal  direction.  When  the
laser fluence increased to 0.510 J/cm2, a regular LSFL was
formed on the ITO film. As shown in Fig. 5, the corres-
ponding sheet resistance was 7476 Ω/sq measured in the
longitudinal direction, but the film was insulating in the
transverse direction.  The  results  of  confocal  optical  mi-
croscopy indicated that the maximum depth of the LSFL
was 220 ± 5 nm and that there was almost no ITO in the
valley of the LSFL. In the range of 0.510–0.637 J/cm2, the
ITO film  exhibited  good  unidirectional  electrical  con-
ductivity.  When the laser fluence was > 0.679 J/cm2,  the
LSFL  was  broken,  and  the  ITO  film  was  insulating  in
both the longitudinal and transverse directions.
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Interestingly,  the aforementioned results  indicate that
the ratio of the sheet resistances measured in the T and L
directions  can be  tuned by  varying  the  laser  fluence.  As
shown in Fig. 6, when the laser fluence increased to 0.233
J/cm2,  the  ratio  slowly  increased  to  2.08.  Subsequently,
when the laser fluence increased to 0.297 J/cm2, the ratio
rapidly  increased  to  10.8.  In  the  range  of  0.297–0.488
J/cm2,  the  ratio  fluctuated  between  8  and  11.  The  ratio
increased abruptly to infinity in the range of 0.510–0.637
J/cm2 because  a  regular  LSFL  was  formed  on  the  ITO
film. These results indicate that by changing the laser flu-
ence, the  anisotropy  of  the  surface  electrical  conductiv-
ity of ITO thin films can be adjusted, which can be use-
ful in many fields6,27. 
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at a constant scanning speed of 3 mm/s.
 

When  the  regular  LSFL  was  fabricated  on  the  ITO
film, the ITO material  was almost completely ablated in
the  valley.  The  LSFL  exhibited  unidirectional  electrical
conductivity and was considered to be composed of mul-
tiple nanowires.  The  resistivity  of  nanowires  was  meas-
ured via  the  dual-probe method (see  Supplementary  in-
formation).  To  check  the  consistency  of  the  nanowire
resistivity, 10 individual nanowires were measured separ-
ately.  The  resistivities  were  calculated  using  the  widths,
heights  and  lengths  of  the  measured  nanowires.  As
shown  in Fig. 7,  the  resistivity  of  nanowires  fabricated
using  a  laser  with  a  fluence  of  0.510  J/cm2 was  1.395  ×
10–6 Ω·m on average, with a fluctuation within ±0.1×10–6

Ω·m. Figure 8 shows clearly that the nanowires were not
very  smooth,  and  even  had  tiny  cracks  on  the  surface.
The width of the nanowires also varied slightly. Both the
processing  quality  of  LSFLs  and  the  consistency  of
nanowire resistivity should be further improved16,32.
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When  the  laser  fluence  increased  to  0.552  J/cm2,  the
average resistivity increased to 1.590 ×10–6 Ω·m. The res-
istivity  only  increased  by  6%–21%  compared  with  the
initial ITO film, indicating the high electrical conductiv-

ity of the nanowires fabricated via femtosecond laser dir-
ect writing.

Figure 8(a) shows SEM  images  of  nanowires  fabric-
ated  via  laser  direct  writing  with  different  fluences.  The
nanowire width decreased from 537 nm to 271 nm as the
laser  fluence  increased  from 0.510  J/cm2 to  0.637  J/cm2,
as  shown  in Fig. 8(b). The  nanowire  height  was  meas-
ured via confocal optical microscopy, and it was reduced
from  220  nm  to  142  nm.  The  unit  resistance  of  the
nanowires fabricated using a laser with a fluence of 0.510
J/cm2 was 15 kΩ/mm, as shown in Fig. 8(c). It increased
to 73 kΩ/mm when laser fluence reached 0.637 J/cm2 be-
cause the width and height both decreased. By adjusting
the laser fluence, the unit resistance of a single nanowire
could be changed over a wide range.

When the laser fluence increased from 0.510 J/cm2 to
0.637  J/cm2, the  unit  resistance  of  a  single  nanowire  in-
creased by  a  factor  of  5.  However,  the  resistivity  in-
creased  from 1.395  ×  10–6 Ω·m to  2.210  ×  10–6 Ω·m (by
only  62%).  Therefore,  the  electrical  conductivity  of  the
nanowires  fabricated  using  the  femtosecond  laser  was
well maintained.

 Optical transmittance of ITO films after
femtosecond laser direct writing
The  bandgap  of  ITO  could  reach  3.5–4.3  eV,  and  the
transmittance in the visible light band is >85%, as shown
in Fig. 940. The photon energy of ultraviolet light (λ < 355
nm) reaches or even exceeds the bandgap of ITO, result-
ing  in  higher  absorption  and  lower  transmittance.  The
reflection  caused  by  the  plasma  vibration  exhibited  by
electron-based  carriers  reduces  the  transmittance  in  the
NIR region4.  In  addition to  the  electrical  properties,  the
adjustment  of  the  optical  transmittance  of  the  ITO film
irradiated by a femtosecond laser is important41. Figure 9
presents the transmission spectra of  the ITO film in the
range of 250–2000 nm after laser direct writing with dif-
ferent fluences at a constant scanning speed of 3 mm/s.

The  average  transmittance  of  the  185-nm-thick  ITO
film  in  the  range  of  1200–2000  nm  was  21.31%.  The
transmittance in  the  NIR  band  was  significantly  in-
creased after the laser direct writing. When the laser flu-
ence increased from 0.255 J/cm2 to 0.318 J/cm2, periodic
ablation  appeared  on  the  ITO  film,  and  the  average
transmittance  in  the  infrared  band  increased  from
26.57% to 33.05%. In the range of 0.318–0.425 J/cm2, the
periodic  ablation  became  stronger,  and  the  average
transmittance  in  the  infrared  band increased to  44.17%.
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In  the  range  of  0.510–0.637  J/cm2,  regular  nanowires
were formed on the ITO film, and the average transmit-
tance  in  the  infrared  band  increased  to  54.48%–63.38%
(156%–197%  higher  than  that  of  the  initial  ITO  film).
Meanwhile,  the  transmittance  in  the  visible  band  was
slightly higher and more uniform. These results indicate
that  by  adjusting  the  laser  fluence,  the  transmittance  of

the ITO film in the infrared band can be increased signi-
ficantly.  Moreover,  the  electrical  conductivity  is  well
maintained. This is important for an ITO film with a reg-
ular LSFL as  the transparent  electrode of  the photoelec-
tric device in the infrared band.

 Discussion
Regular LSFLs were fabricated on an ITO film irradiated
by  a  laser  with  a  fluence  of  0.510  J/cm2 at  a  scanning
speed of 3 mm/s. An area of 10 μm × 10 μm was selected,
and  the  element  concentrations  were  analyzed  using  an
SEM. As  shown in Fig. 10(a–c),  the  spatial  distributions
of In and Sn were identical to those for the LSFL. In the
point scanning mode, an EDS analysis was performed for
the  valley  and  ridge  of  the  LSFL,  respectively. Figure
10(d) presents  the  map sum spectra  for  the  ridge  of  the
LSFL.  The  concentrations  of  In  and  Sn  were  4.01% and
1.76%,  respectively,  and  the  In/Sn  concentration  ratio
was 2.28. For the initial ITO film with a thickness of 185
nm,  the  concentrations  of  In  and  Sn  were  15.89%  and
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Fig. 8 | (a) SEM images of nanowires fabricated via laser direct writing with different fluences. (b) Height and width of nanowires with respect to
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3.44%,  respectively,  and  the  In/Sn  concentration  ratio
was  4.61.  The  ITO  film  was  prepared  by  doping  In2O3

with SnO2, and the electrons released after Sn4+ replaced
In3+ and  the  presence  of  (O2)2- made the  ITO film con-
ductive3. Numerous studies have been performed on the
effects of  the  In  and Sn  concentrations  on  the  conduct-
ive properties of ITO films. The results indicate that the
electrical  conductivity  of  the  ITO  film  changes  little
when  the  In  concentration  is  changed  from  3%  to  15%
and that  the  In and Sn concentration ratio  varies  in  the
range  of  2–642−44.  These  results  explain  why  the  regular
LSFLs  were  good  nanowires  with  a  low  resistivity  of
1.395 × 10–6 Ω·m on average.

However,  as  shown  in Fig. 10(e),  the  results  differed
for the valley of the LSFL. The In concentration was sig-
nificantly  reduced  (to  0.66%),  and  the  Sn  concentration
was only 1.14%. The In/Sn ratio was reduced to 0.58. The
In concentration at the LSFL valley was very low, and the
material  exhibited  a  high  resistance  and  even  insulating
properties. In previous studies, very small amounts of In
and  Sn  penetrated  the  substrate  material  after  the  ITO
film  was  completely  ablated  by  the  femtosecond  laser;
thus, In and Sn were still detected19.

Figure 11(a) shows  the  concentrations  of  In  and  Sn
and the In/Sn concentration ratio at the ridge and valley
of the LSFL with respect to the laser fluence. When laser
fluence was 0.212 J/cm2, only periodic ablation appeared
on the ITO film. The concentrations of In and Sn at the

ridge  of  periodic  ablation  were  reduced  to  6.39%  and
2.44%,  respectively,  and  the  In/Sn  ratio  was  2.85.  With
an increase in the laser fluence, the In and Sn concentra-
tions decreased. In the range of 0.510–0.616 J/cm2, the In
and Sn concentrations remained at approximately 3.45%
and 1.45%, respectively, and the In/Sn ratio was of 2.3. In
these  cases,  the  electrical  conductivity  of  the  LSFL
nanowires was high. Surprisingly, when the laser fluence
increased beyond 0.679 J/cm2, the  In and Sn concentra-
tions and the In/Sn ratio were only slightly reduced, i.e.,
3.35%,  1.45%  and  2.3,  respectively.  As  shown  in Fig. 6,
the  resistance of  the  LSFL nanowires  increased abruptly
to infinity, mainly owing to the fracture of the LSFL. The
results  indicate  that  laser  irradiation  had  little  effect  on
the electrical conductivity of the ITO.

The In and Sn concentrations in the valley and the ra-
tio  of  In/Sn  with  the  increasing  laser  fluence  are  shown
in Fig. 11(b). The three curves exhibited sharper declines
than those  for  the  ridge.  When  the  laser  fluence  ex-
ceeded 0.510 J/cm2, the In and Sn concentrations rapidly
decreased  to  0.66%  and  1.14%,  respectively.  Thereafter,
In  and Sn were  essentially  absent  from the  valley  of  the
LSFL, and the material exhibited as high resistance.

As shown in Fig. 8(c),  the resistivity of  the nanowires
increased  from  1.395  ×  10–6 Ω·m  to  2.210  ×  10–6 Ω·m
when  the  laser  fluence  increased  from  0.510  J/cm2 to
0.637  J/cm2.  However,  the  results  in Fig. 11(a) indicate
that  the  In  and Sn concentrations  were  nearly  constant,
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suggesting  that  the  resistivity  of  the  nanowires  should
have  been  unchanged.  To  investigate  this  phenomenon,
the In  and  Sn  concentrations  were  measured  with  re-
spect  to  the  thickness  of  the  ITO film,  as  shown in Fig.
12(a).  As  the  thickness  of  the  ITO  film  decreased  from
260 nm to 50 nm, the In concentration decreased signi-
ficantly (from  19.85%  to  2.63%),  and  the  Sn  concentra-
tion decreased  from 3.81% to  1.32%.  This  is  mainly  be-
cause  the  penetration  depth  in  the  EDS  measurement
was  600  nm,  and  more  elements  of  the  SiO2 substrate
material were  detected with the  decreasing of  the  thick-
ness of the ITO film. Therefore, the reductions in the In
and Sn concentrations at the ridge of the LSFL shown in
Fig. 11(a) were  partly  caused  by  the  larger  amounts  of
ITO materials being ablated by the stronger laser.

Figure 12(b) presents the  resistivity  and  sheet  resist-
ance with respect to the thickness of the ITO film. As the
thickness of the ITO film decreased from 260 to 50 nm,
the  resistivity  increased  approximately  linearly  from
1.145 × 10–6 Ω·m to 1.774 × 10–6 Ω·m, which was an in-
crease  of  55%.  The  resistivity  of  the  ITO  film  was  not
constant;  it  was higher  for  thinner films.  The In and Sn
concentrations of  the 50-nm-thick ITO films were close
to those at the ridge of the LSFL, and the resistivity of the

ITO  film  was  nearly  equal  to  the  average  value  for
nanowires  fabricated  using  lasers  with  fluences  ranging
from 0.510 J/cm2 to 0.637 J/cm2. These results explain the
good electrical conductivity of the fabricated nanowires.

The  results  indicate  that  during  the  laser  irradiation,
the ITO-material removal caused by ablation reduced the
height and width of  the nanowires,  which was the main
reason  for  the  increase  in  the  resistivity.  Therefore,  the
electrical conductivity  of  the  ITO  material  is  hardly  af-
fected during the laser fabrication of LSFLs.

 Conclusions
Regular  large-area  LSFLs  were  fabricated  on  ITO  films
via femtosecond  laser  direct  writing  focused  by  a  cyl-
indrical lens.  The  effects  of  the  laser  fluence  and  scan-
ning  speed  on  the  surface  morphology  of  the  ITO  film
were  studied  in  detail.  Periodic  ablation,  regular  LSFLs,
and partly  damaged LSFLs  were  formed in  sequence  on
the  ITO  films  by  increasing  the  laser  fluence.  Here,  the
scanning speed was 3 mm/s. Interestingly, regular large-
area LSFLs were efficiently fabricated in the ITO film by
changing  the  laser  fluence  in  the  range  of  0.510–0.637
J/cm2.

The  anisotropic  electrical  conductivity  of  the
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nanostructured ITO thin film was measured via the four-
probe and  dual-probe  methods.  The  ratio  of  the  aniso-
tropic electrical conductivity of the periodic ablated ITO
films was adjusted in the range of 1–10.8 by varying the
laser fluence in the range of 0–0.488 J/cm2.  Surprisingly,
the regular LSFL exhibited good properties as nanowires.
The resistance of the nanowires could be tuned from 15
kΩ/mm to  73  kΩ/mm  with  a  consistency  of  ±10%  be-
cause  the  width  and  height  both  decreased  as  the  laser
fluence  increased  from  0.510  J/cm2 to  0.637  J/cm2.  The
element  concentrations  and  the  resistivities  of  the  LSFL
nanowires  and  the  ITO  film  with  different  thicknesses
were studied in detail. The results indicated that the res-
istivity of the LSFL nanowires was nearly equal to that of
the  initial  ITO  film.  Thus,  the  resistivity  of  the  LSFL
nanowires  was  well  maintained.  Moreover,  the  average
transmittance  of  the  LSFL  nanowires  in  the  infrared
band increased from 21.3% to 54.48%–63.38%. These LS-
FL nanowires  have  considerable  potential  for  transpar-
ent  electrodes  of  nano-optoelectronic  devices–particu-
larly in the NIR band.
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