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Rewritable ITO Patterning for Nanophotonics

Xingin Liu, Pan Peng, Zhenyang Zhang, Xiangyu Zhao, Wenyu Chen, Shiyuan Liu,

and Jinlong Zhu*

Nanophotonic devices leverage unique interactions between photons and
materials at the nanoscale, enabling applications in optical communication,
biosensing, and quantum computing. These devices’ properties are
susceptible to material composition and structural design. Nanofabrication
techniques, such as optical lithography, e-beam lithography, two-photon
polymerization, and direct laser writing, have been widely applied to fabricate as
nanophotonic devices. Notably, rewritable fabrication stands out due to its
low cost, flexibility, efficiency, and multi-functionality. In this paper, a novel
rewritable nanofabrication technique is proposed, which combines
electrochemical reactions with direct laser writing, to fabricate nanophotonic
devices on low-cost indium tin oxide (ITO) films. The experimental results
have demonstrated that high-quality and erasable photonic structures such as
diffraction gratings and holography masks can be directly fabricated using our
technique. Hence, it is believed that this method can be applied in diverse
fields such as nanophotonics, optoelectronic devices, biosensors,

micro-electromechanical systems, and nonlinear optics.

1. Introduction

Nanophotonic devices, which could precisely manipulate electro-
magnetic waves at a sub-wavelength scale, have been applied in
diverse disciplines:!'l Metamaterials, which rely on the layout of
specifically designed patterns, have unique electromagnetic re-
sponse characteristics that can change and control exotic optical
phenomena.[?! Photonics-based chemical and biological sensors,
which take advantage of surface-enhanced Raman scattering on a
roughened or nanostructured substrate, could detect and analyze
low concentrations of substances.l}! Photonic integrated circuits
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(PIC), which integrate multiple optical
functions on a single chip, could en-
able on-chip phase measurement,*?]
nanosensing,®’] and large-scale ar-

tificial  intelligence.®®) To fabricate
nanophotonic  devices, conventional
nanofabrication  techniques,  such

optical lithography,t*!] electron-
beam  lithography!'?l  two-photon
polymerization  (TPP) printing,!1314

direct laser writing (DLW),[>161 di-
rect ink writing,['8] laser-induced
forward transfer,['?% laser-assisted elec-
trophoretic deposition,[?'23] and laser-
induced microbubble technique,!?*%]
have been widely applied. Among
all the nanofabrication methods, the
erasable and rewritable ones are of
great interest to researchers because
of the merits of low cost, flexibility,
efficiency, and multiple functions.[26-32]
For example, DLW combined with phase
change materials heat annealing can achieve flexible PIC
patterning,333¢l and rewritable color nanoprints in a cheap
and fast manner.’’] Light-induced nanowetting uses projec-
tion lithography and template-wetting methods to achieve
erasable and rewritable polymer nanoarrays via solid-to-liquid
transitions.[*¥] Moreover, it has been realized that plasma etch-
ing combined with UV-curable resin can manufacture core—shell
magnetic micropillars for programmable actuation.3°! There-
fore, alow-cost and rewritable fabrication technique for nanopho-
tonic devices is very important.

Indium tin oxide (ITO), which mainly consists of In,0, and
SnO, at the mass percentage of 9:1,[*l has many favorable prop-
erties such as high conductivity (x5 x 10 Q cm),*!) high trans-
parency (x~98% optical transmittance),*?! good wear resistance
and adhesion on glass,!*}] and wide band gap (3.5-3.7 eV).[**] Asa
result, it has been used in many fields such as solar cells,!*! elec-
trochromic glasses,[*®! liquid crystal display devices,[*’] surface-
enhanced Raman spectroscopy,|*! electrophoretic deposition,!*!
and micro-nano fabrication.!?!-23] ITO is usually prepared by re-
active magnetron sputtering as a continuous thin film coated on
glass or polyethylene terephthalate.l’*! To satisfy specific appli-
cations, nanofabrication techniques have been applied to make
functional structures on ITO thin films, such as the manufac-
ture of touch screens and OLEDs,>%?] passive elements and
sensors in cryogenic systems,3>* transparent microelectrode
structures,®] and transparent gas flow meter.>®! It has been
demonstrated that 92.7% enhancement in solar cell photoelec-
tric conversion efficiency after ITO surface treatments,’’] and
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Figure 1. Principle and schematic diagram of the proposed rewritable ITO nanopatterning method. a) Schematic of the experimental setup. NDF, neutral
density filter; SH, shutter; M, mirror; L, lens; P, pinhole; DM, dichroic mirror; OB, objective lens; S, sample; DF, dichroic filter; TL, tube lens. b) A zoomed-
in figure shows the experimental chamber consisting of ITO glass, spacer, DI water, and wires connected to the ITO glass. c) Schematic diagram of the
ITO patterning process. The laser was focused on either the top or bottom side of the ITO film for direct patterning. d,e) Sn(OH), and In layers are
formed on the ITO bulk after applying voltage. The laser-induced hydrothermal reaction of Sn(OH), and thermal ablation of In result in the patterned

structure on ITO thin film.

multiple sample detection could be achieved simultaneously on
one substrate using a nano-dot array on ITO films.[*®]

In this paper, we propose a rewritable ITO patterning tech-
nique, which uses the principles of electrochemical reactions and
DLW, for erasable nanophotonic applications. Using a low-power
continuous wave (CW) laser, our technique could achieve ITO
nanopatterning under both anodic and cathodic polarization. We
successfully validated the write, erase, and rewrite of photonic
structures, which demonstrated our method as a low-cost (99.5%
reduction in energy consumption compared to ultrafast pulse
laser),1°®] easy-to-operate (only requires heat annealing for pattern
erase) and environment friendly (water required only) technique
for nanophotonics.

2. Results and Discussion

The schematic of our experimental system is presented in
Figure 1a. A 532 nm CW laser (MLL-FN-532, Changchun New
Industries Optoelectronics Tech. Co., Ltd, China) was used as the
DLW source. The power was attenuated to 3-5 mW after pass-
ing through the objective (Nikon, TU Plan ELWD, x50, NA 0.6)
using a neutral density filter. An optical shutter and two 45° re-
flective mirrors were used to switch the laser on or off and to
control the laser direction, respectively. The laser was focused on
the surface of the ITO thin film by the objective after passing
lens 1, the pinhole, lens 2, the dichroic mirror, and the reflective
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mirror. An in situ microscope system consisting of the 660 nm
LED (LEM-660C1, JCOPTIX, China), the objective, and the tube
lens were used to observe the patterning process. A dichroic fil-
ter was used to prevent the focused green laser from entering
the CCD camera. Commercially available ITO glass (M]Y, Foshan
Yuanjingmei Glass Co., Ltd, China) with sizes 40 x 40 x 1.1 mm
and 15 x 15 x 1.1 mm, were utilized in our experiments. The
thickness, resistance, and transmissivity are 185 + 20 nm, 10 Q,
and 84%, respectively. The ITO sample is conductive only on one
side. It was cleaned sequentially with methylbenzene, acetone,
and ethyl alcohol, followed by a rinse with deionized (DI) water.
A 100 um-thick cavity was sandwiched between two ITO-coated
glass substrates using double-sided tape, and DI water was in-
jected into the cavity via capillary force. Subsequently, a metal
wire was connected to the ITO film by copper conductive tape,
after which a microelectrochemical cell was completed as pre-
sented in Figure 1b. The sample mounted on the XYZ stage (EM-
LSS90-100C1, LBTEK, China) was connected to a DC voltage sup-
ply through crocodile clips. The voltage was set from 2.8 to 3.5V,
such that the electrochemical reaction between ITO and DI wa-
ter could be realized. See Figure 1c. Sn(OH), and In layers are
formed on the ITO thin film at anodic and cathodic polarization,
respectively. Because Sn(OH), and In have a much higher light
absorption rate and a lower melting point than those of the ITO
film, they can be easily patterned by a low-power CW laser. See the
schematic in Figure 1d,e. Scanning electron microscopy (SEM)

© 2025 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

and energy-dispersive spectrometer (EDS) measurements were
performed on Zeiss GeminiSEM300 to analyze the patterned ITO
structures.

TPP is a nonlinear fabrication method,*®! that takes advantage
of two photons’ energy absorbed simultaneously to stimulate the
polymerization reaction of the photosensitive materials. It can
fabricate 3D components inside the material with high preci-
sion and resolution over the optical diffraction limit. Meanwhile,
a high-power ultra-fast pulse femtosecond laser is necessary to
realize the nonlinear two-photon absorption, and printable ma-
terials are mainly transparent photosensitive polymer resins.[®!
DLW is a universal micro-nano fabrication technique. Due to
the high transparency of the ITO, it is difficult to directly ablate
ITO with a CW laser because of the weak linear absorbance and
high material ablation threshold.l’!] Consequently, whether di-
rect laser thermal ablation!®?-%*] or laser-induced ITO crystalliza-
tion followed by anisotropic chemical wet etch,!%-¢7] pulse ultra-
fast laser is necessary, such as nanosecond,*®! femtosecond!®®!
and picosecond lasers.I*®! To our knowledge, CO, CW laser with
power ranging from 1 to 10 watts was primarily used for ITO thin
film annealing to improve surface quality and optical-electrical
properties rather than pattern generation.[*/]

To pattern ITO thin film by a low-power CW laser, we take
advantage of an electrochemical reaction rather than the pulse-
laser-based physical ablation and thermal melting. Generally
speaking, the mechanisms of electrochemical corrosion at the
anodic and cathodic polarization are different.l®7°] Kraft et al.
found it has oxygen evolution accompanied by electrode corro-
sion after strong anodic polarization (greater than 1.5 V vs a sat-
urated calomel electrode) in aqueous electrolytes.l”") He revealed
the underlying process involved in the corrosion of ITO anodic
oxygen evolution. This process starts from the breaking of In-
O and Sn-O bonds at the surface of the ITO, after which In**
ions are released into the solution. Meanwhile, the more am-
photeric Sn** ions react with OH~ ions, forming a thin layer of
Sn(OH), or SnO, on the ITO surface, but there is no change in
the bulk ITO. As for the cathodic polarization,!*3727>78] an obvi-
ous electrochemical corrosion phenomenon along with a layer
of yellow-colored substance coated on the surface of ITO film
can be observed, which is proved to be a metallic mirror com-
posed primarily of In and a small amount of Sn.”>7478] This
coating leads to a decrease in the transmissivity of the ITO
film. Although the formation of the metallic mirror may cause
the electrical and optical properties of ITO thin film to deviate,
there are still some interesting applications. For instance, it can
enable large-area and patternable nano-dot arrays for surface-
enhanced Raman spectroscopy.[*! Meanwhile, electrochemically
reduced ITO exhibits excellent non-linear optical performance,
with the transmittance tunable by reduction potential and pro-
cessing time.”®”° Specifically, considering ITO has a vanish-
ingly small real part of the dielectric constant within the near-
infrared wavelength range, known as epsilon-near-zero prop-
erties, which endow ITO with high nonlinear conversion ef-
ficiency at the nanoscale.®?] Consequently, metal-coated ITO
can serve as perfect absorption thin film in optical filters and
optical switches/modulators, (8142 while patterned ITO thin
film can be used to generate nonlinear photoluminescencel®’
and terahertz wave with complete phase and amplitude
control [8+-86]
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The focused spot of a 5 mW CW laser cannot trigger the ab-
lation of the ITO surface. See the experimental results in Figure
S1 (Supporting Information). However, the laser spot starts to
generate patterns as it scans over the ITO surface by applying a
DC voltage on the ITO surface. It should be emphasized that the
moderate increase of the laser power over 5 mW will not cause
thermal damage on the ITO surface, but it may boil the water
and generate bubbles. Similarly, increasing the DC voltage over
3.5 V also generates many bubbles owing to the electrolysis of
water. Hydrogen and oxygen are formed at positive and negative
electrodes, respectively. This can impede the patterning process.
The working principle of the electrically controlled ITO pattern-
ing can be explained as follows: Although low-power CW laser
cannot directly ablate the ITO thin film because In,0, and SnO,
in the ITO thin film corresponding to the melting points of 2000
and 1630 °C, respectively, the electrochemical reaction can signif-
icantly reduce the energy required in this process, which is simi-
lar to the photoelectrochemical etching process.[¥”] There will be
oxygen corrosion of the ITO electrode once the anodic polariza-
tion is applied to the ITO thin film. Because the further oxida-
tion of In** and Sn** is impossible, the only component in the
ITO that can be oxidized is oxygen (0?"), which will become O,.
The electrochemical reaction under anodic polarization can be
described using Equations (1) and (2), i.e.,

2In,0; - 4In*"+30,(g) + 12¢ (1)
SnO, + 40OH™ — Sn(OH), + O,(g) + 4¢~ (2)

Further experiments were conducted by recording the y spec-
tra of the ITO thin film before anodization and the electrolyte af-
ter anodization, as discussed in Reference.U% It was observed that
the mass content of In in the electrolyte was significantly higher
than that of Sn. This suggested that more In3* ions migrated into
the solution during anodization, while Sn** ions accumulated
on the ITO surface. Sn** reacts with OH~ to form the hydrated
species Sn(OH),, which finally generates SnO, after the voltage
is off due to its higher stability than that of Sn(OH),. Moreover,
it has been confirmed that the mass ratio of In/Sn in the ITO
thin film before anodization was higher than that after anodiza-
tion (as shown in Figure 2a and the EDS measurement results
in Figure S2, Supporting Information of the Supplemental Mate-
rial). Therefore, we can confirm that a Sn(OH), layer was indeed
deposited on the surface of the bulk ITO, which hinders further
anodic oxygen corrosion, provided when continuous DC voltage
was applied. Because the melting point of Sn(OH), is much lower
than those of SnO, and In, 0, it can be directly ablated by a low-
power CW laser. As a result, we can achieve the ITO patterning at
the positive electrode. When a cathodic polarization was applied
to the ITO thin film, the chemical reaction can be described by
the following equation:

In,0; + 3H,0 + 66~ — 2In+ 60H" 3)

In,0; was reduced into metal In, which was deposited on the
surface of ITO thin film. This can be confirmed by Figure 2a,
in which the oxygen content was less than that of the case with-
out reaction. Moreover, it can be observed that the ITO glass
became bronze, while there is no apparent color change under
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Figure 2. Experimental results analysis for ITO thin films before and after the nanopatterning process. a) EDS analysis results of the ITO thin films
before and after electrochemical reactions. b) The optical images of ITO glass after electrochemical reactions. c,d,e) SEM images of the ITO thin films
without any reaction, after patterning during the anodic reaction and cathodic reaction, respectively. f,g,h) EDS maps of the four chemical elements In,

Sn, O, and Si in ITO glass.

anodic polarization.[’®*8] See the results in Figure 2b. Because
the melting point of In is 156 °C, it can be easily ablated by a
low-power CW laser writing. SEM measurements for ITO thin
films without reaction and after surface patterning at anodic and
cathodic polarization are presented in Figure 2¢,d, and e. The cor-
responding EDS maps for In, Sn, O, and Si elements are shown
in Figure 2f,g,h. It can be observed from Figure 2d that there was
not any apparent change in ITO surface morphology outside the
central hole when compared to the unprocessed ITO surface in
Figure 2c. However, we observed many nano-dots (NDs) on the
ITO surface at cathodic polarization in Figure 2e, which had also
been confirmed by many other studies.”7>787°] As for the EDS
maps of the ITO glass without reaction shown in Figure 2f, it
can be seen that In, Sn, O, and Si elements are all uniformly dis-
tributed. However, In and Sn elements in the central hole area
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are much less than those in the background area, while O and Si
elements are not. A similar phenomenon can also be observed in
Figure 2h. This indicates that the patterned ITO was indeed re-
moved by low-power CW laser writing and the glass substrate was
exposed. Meanwhile, 3D images and the corresponding cross-
sections of the patterned ITO were measured through quadri-
wave lateral shearing interferometry shown in Figure S3 (Sup-
porting Information). It can be seen that the uniformity of the
ITO surface after the anodic reaction was better and smoother
than that after the cathodic reaction, causing the coating of In
NDs. CW laser direct writing achieved 2.5 um full width at half
maximum (FWHM) under a 50x objective lens. It is suggested
that the objective lens with a higher NA, a laser with a shorter
wavelength, and a femtosecond laser be considered to reduce
the heat effect and improve the resolution. Gaussian outlines
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corresponding to the shape of the laser focus were generated
in the written area. At the same time, no apparent changes
occurred in the unwritten area, and the maximum writing
area only depends on the travel range of the XY displacement
stage.

More complex patterns such as dots array and logo “HUST”
can be directly patterned on ITO thin film under anodic and ca-
thodic polarization. See Figure S4 (Supporting Information). We
should emphasize that small cracks may exist in the patterned
area at anodic polarization when laser power is high (but before
generating bubbles); see the high-magnification SEM image of a
single dot in Figure S4 (Supporting Information). These cracks
were usually observed on the ITO thin film surface after laser
annealing, as discussed in References [*+5]. These micro-cracks
resulted from different residual tension stress of the crystalline
phase transformation between irradiated and non-irradiated re-
gions of the ITO thin film.[®8] However, in this study, cracks were
caused by different residual tension stress of Sn(OH), and SnO,
during the chemical dynamic transition under anodic polariza-
tion. It was suggested that a higher laser repetition rate and mod-
erate laser power can reduce the formation of micro-cracks.!®!
Other potential factors that may influence the fabrication results
include the thickness and composition of ITO and solution com-
position. If ITO film is too thin, inadequate Sn(OH), and In
are generated for nanopatterning, reducing the erasable pattern-
ing times and rewritable performance. Considering the stabil-
ity of SnO, against anodic dissolution during oxygen evolution,
highly doped SnO, layers are probably suitable for electrochem-
ical corrosion protection purposes.l’’! In contrast, lowly doped
SnO, makes it challenging to pattern on ITO at anodic polariza-
tion because patternable product Sn(OH), is reduced. Therefore,
there would be a tradeoff in the content of SnO,. On the other
hand, due to the high proportion of In,0, in ITO and the fact
that it primarily works during the cathodic reaction, there are a
lot of allowances for the content of In,O; as long as it can pro-
duce adequa te reduced metal indium for nanopatterning. Lastly,
the electrolyte solution also plays an important role; for example,
if NaCl solution is used for an electrochemical reaction, SnCl, is
produced, preventing Sn(OH),. Therefore, the ITO electrode is
totally destroyed, finally causing both In** and Sn** to pass into
the solution.!”?!

To validate the potential of the proposed ITO patterning tech-
nique in nanophotonics, we fabricated diffraction gratings with
three different periods (i.e., 20, 10, and 5 um) on ITO thin film
under cathodic polarization. See the left column in Figure 3a—c.
The optical images of the entire grating areas and the details
of gratings were obtained using a low-NA objective (Zeiss, N-
Achroplan, x2.5, NA 0.07) and a high-NA objective (Olympus,
LMPlanFLN, %20, NA 0.40), respectively. The gratings diffrac-
tion patterns from the 532 nm laser were captured by a CMOS
camera (Prosilica GT 1930, Allied Vision, TKH Technology Com-
pany). We captured independent frames at three different posi-
tions followed by image stitching to obtain the entire diffraction
pattern. It can be seen from the middle column in Figure 3a—c
that the intensity of the high diffraction orders was significantly
weaker than that of the zeroth order, leading to a low image con-
trast. The log operation was applied to the diffraction patterns
to enhance visibility. The right column in Figure 3a—c presents
the cross-sections of the normalized experimental and simulated
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diffraction patterns. The grating equation at a normal incidence
is given by

Psin6,, = mA (4)

where P is the grating period, A is the incident wavelength, m
is the diffraction order, and 6,, is the diffraction angle corre-
sponding to the m™ order. It can be derived from Equation (4)
that a smaller P results in a larger 0, for a given A and m.
This was experimentally confirmed in Figure 3a,b,c that reduc-
ing P from 20 to 5 pm increased the first-order diffraction an-
gle 6,. Meanwhile, a quantitative comparison was conducted be-
tween fabricated gratings and grating equations to demonstrate
the precision of ITO patterning. Both the cross-sections of the
normalized diffraction patterns in Figure 3 and the experimen-
tally obtained diffraction angles in Figure S5 (Supporting Infor-
mation) match well with the theoretical predictions, indicating
that the proposed method could generate high-quality nanopat-
terns. Moreover, we fabricated a transmissive holography mask
on ITO thin film as an example for complex nanopatterns. The
holography mask is the most critical element used in hologra-
phy lithography, which is a technique different from conven-
tional projection lithography. Image information is recorded into
the holography mask. Images can be generated by illuminating
the holography mask through a coherent laser, as illustrated in
Figure 3d. The computer-generated hologram is presented in
Figure 3g. Figure 3e is the fabricated holography mask according
to the computer-generated hologram, using our proposed ITO
patterning technique. Figure 3f presents the zoomed-in view of
the feature details on the mask. Figure 3h presents the holog-
raphy image captured by the camera, which consists of five par-
allel lines. Subsequently, we also fabricated another holography
mask with 200 x 200 pixels; see Figure S6 (Supporting Infor-
mation). It can be concluded that a high-resolution holography
mask could improve the quality of the holographic reconstruction
image.

The patterned nanostructures on ITO thin film can be erased
through annealing, i.e., annealing the patterned ITO thin film on
a hot plate at 200 °C to melt and oxidize In into In, O, after which
we can re-write patterns on the same area of the ITO thin film,
see the flow diagram in Figure S7 (Supporting Information). To
validate this, we wrote, erased, and re-wrote a symbol “+” on ITO
thin film. See the optical images in Figure 4a—d. Meanwhile, we
fabricated an orthogonal grating area (see Figure 4e—h) and com-
pared the corresponding diffraction patterns before and after the
re-writing to further validate the reversibility. See the diffraction
patterns in Figure 4i,j and the cross-sections in Figure 4k. The
diffraction patterns corresponding to the first write and re-write
match very well, especially at the lower diffraction orders. The mi-
nor difference with 7.08% root mean square error (RMSE) at the
higher diffraction orders could be attributed to the experimental
errors and changes in surface thickness, roughness, and trans-
mittance caused by the melted In and the newly deposited In. To
further explore the maximum number of rewriting cycles and the
effects of each cycle, we measured the transmittance of the pris-
tine ITO at each cycle as shown in Figure 4l. It can be seen that
the pristine ITO transmittance was 85% at 532 nm wavelength.
The transmittance reduced to 40% through the first cathodic re-
action for laser direct writing and it recovered to 77% after an
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Figure 3. Nanophotonic devices patterned on the ITO thin film and the corresponding diffraction results. a—c) The fabricated diffraction gratings with
three different periods, i.e., 20, 10, and 5 um. The middle column presents the diffraction patterns captured by the camera. The right column presents
the cross-sections of the normalized experimental and simulated diffraction patterns. d) The optical configuration to validate the performance of the
fabricated holography mask. e) The fabricated holography mask and f) the zoomed-in view showing the feature details. g) The computer-generated
hologram with 500 x 500 pixels. h) The holographic reconstruction image (i.e., raster lines) captured by the camera in (d).

Laser Photonics Rev. 2025, 19, 2401799 2401799 (6 of 9) © 2025 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Write

Ground Truth

\/\

(@)

(e

1.0
k)
First write

.@0-8' —— Re-write
&
Q
£0.64
=
Q
N
= 0.4- t
£
S
Z(0.2-

0.0 I

0 1000 2000 3000 4000 5000
Pixels

www.lpr-journal.org

Re-write

Erase

(h)

P=20um

100 m

god .
3
S
g 601 | Pristine ITO
2 —0— Write
S 40+
= Erase
X

201

S T
Cycle times

Figure 4. Reversible nanostructure patterning on ITO thin films. a) Ground truth of the symbol “+”. Optical images of the “+” symbol in the processes
of b) write, c) erase, and d) re-write. e) Ground truth of a grating. Optical images of the grating in the processes of f) write, g) erase, and h) re-write. i—k)
The diffraction patterns and the corresponding cross-sections after writing and re-writing. I) The transmittance as a function of rewriting cycles.

anneal process for erasing. The theoretical maximum number
of rewriting cycles depends on the transmittance difference be-
tween write and erase, so the ITO patterning is rewritable as long
as they don’t coincide. However, as the cycle times increased, the
transmittance after writing and erasing decreased, which might
result from increased surface roughness and inadequate melting
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and oxidation process of the indium thin layer during anneal-
ing. Meanwhile, this might reduce the uniformity of the reduced
ITO surface indium thin layer, influencing the cycle times and
rewriting performance. This situation may be alleviated by ad-
justing some experimental parameters such as electrochemical
reaction time, voltage, anneal time and temperature. We want to
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leave this as an open question shortly and make further studies
on this topic.

3. Conclusion

In this paper, we propose a rewritable, cost-efficient, and easy-to-
operate ITO nanopatterning technique, which combines electro-
chemical reactions with direct laser writing, for nanophotonic ap-
plications. We experimentally fabricated diffraction gratings with
various pitches and holography masks with different resolutions
using the proposed technique. Our experimental tests for the fab-
ricated photonic structures demonstrated that their performance
matched well with the theoretical predictions under multiple cy-
cles. We believe that our method holds potential for applications
in various fields, such as metasurfaces, optoelectronic devices,
biosensors, nonlinear optics, optical imaging, and clean energies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Direct CW laser writing on an ITO thin film without electrochemical assistance. As
can be observed, it cannot generate any patterns at laser powers of a) 0 mW, b) 5 mW, and even
c) 140 mW. Diamond pen scratches were used solely to locate the position. These results

indicate that ITO thin film cannot be directly patterned by CW laser with power below 140 mW.
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Figure S2. EDS analysis of ITO thin film before and after electrochemical reactions. a) EDS
analysis of the unreacted ITO thin film, which serves as a reference. b) EDS analysis of the ITO

thin film after anodic reaction. ¢) EDS analysis of the ITO thin film after cathodic reaction.
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Figure S3. 3D images and the corresponding cross-sections of the ITO nanopatterns under

anodic a, c¢) and cathodic b, d) reactions.



Figure S4. ITO surface patterning results under anodic polarization and cathodic polarization,

respectively. a) SEM image of a 6x6 dot array. b) Detailed SEM view of a single dot from a).
¢) SEM image of a “HUST” logo. d) Optical image of the “HUST” logo. ¢) SEM image of a
dot pattern with cracks. f,g) Detailed SEM views of cracked dots from e).
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Figure S5. The theoretical (blue circle) and experimental (red triangle) diffraction angles,
which were calculated according to the grating equation and experimental measurements,

respectively.
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Figure S6. a) The fabricated holography mask and b) the zoomed-in view showing the feature
details. ¢) The computer-generated hologram with 200%200 pixels. d) The holographic

reconstruction image (i.e., raster lines) captured by the camera in Figure 3d.
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Figure S7. Schematic of the reversible ITO patterning under cathodic polarization. a)
Electrochemical reaction generates a bronze indium layer on the ITO thin film followed by CW
laser writing. b) Annealing erases the patterns and restores the transparency of ITO thin film.
c) Direct CW laser writing assisted by electrochemical reaction rewrites patterns on ITO thin

film, turning the surface bronze again.
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