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Femtosecond laser maskless direct writing of dual-band crosstalk-
free information for all-in-one high-security encryption metasurface
Hanmian Jiang1, Zhuguo Li1,2* and Dongshi Zhang1*

 

Abstract: Metasurface fabrication still faces critical processing challenges in balancing the structural order and disor-
der, achieving high-speed patterning, and extending material compatibility to refractory metals for operation under
extreme  conditions.  This  study  demonstrates  that  femtosecond  laser  maskless  direct  writing  (fs-LMDW)  offers  a
versatile  platform  for  engineering  multispectral  information,  all-in-one  metasurfaces  on  pure  zirconium  (Zr)
substrates. Through sequential fs-LMDW in air and ethylene glycol (EG), deceptive grey-colored visible information is
superimposedly encoded with the infrared (IR)-encrypted information (invisible among black-color structured back-
ground), which leverages the crosstalk-free structural modulation of singular-band IR and visible light. The metasur-
face exhibits robust thermal stability and high-security encryption capability across a wide temperature range, with
IR-concealed  information  (such  as  QR  code)  remaining  securely  encrypted  until  thermally  activated  at  300  °C  for
smartphone-readable information decryption. Furthermore, the visible information is both erasable through 300 °C
oxidation heating in air and rewritable via fs-LMDW in EG without compromising IR encryption security. Particularly,
the  one-time  complete  erasability  makes  it  possible  to  identify  whether  the  encrypted  IR-information  has  been
decrypted, underscoring the robustness and high security of the platform. The presented hierarchical micro/nanos-
tructuring methodology is  deemed to be applicable to a large material  matrix to gain high-security,  and multifunc-
tional metasurfaces that are more difficult and complex for current metasurface fabrication techniques.

Keywords: all-in-one metasurface; femtosecond laser maskless direct writing; high-security encryption; temperature-
controlled decryption; erasability and rewritability
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 1    Introduction
The  critical  importance  of  information  security  in  modern
life acts as a driving force behind the advancement of cryp-
tography1.  It  fuels  the  continuous  development  of  robust
solutions  for  digital  signatures,  secure  authentication,  anti-
counterfeiting,  and  the  safeguarding  of  sensitive  data
through  encryption.  Metasurface  has  brought  us  in  a  new
era of multi-channel high-security encryption2,3, whose opti-
cal encryption capacities are flexibly modulable and upgrad-
able  through  incorporation  with  external  stimuli  and
responsive  materials  such  as  light,  heat,  and  electric  fields,
and  phase  change  materials  (PCMs)4,5.  Their  practical

deployment  nevertheless  remains  constrained  by  the
requirement of sophisticated optical decryption systems and
displays  a  pronounced  dependence  on  the  high-precision,
low-throughput  nanofabrication  techniques  as  represented
by electron-beam lithography (EBL)6.  The advent of "quasi-
ordered"7 and "disordered" structural metasurface concepts8,9

has driven significant breakthroughs in expanding the fron-
tiers of optical encryption and further catalyzes innovations
in cost-effective fabrication techniques to lower the lithogra-
phy's dependency6,10,11.

Femtosecond  laser  maskless  direct  writing  (fs-LMDW)
has  established  itself  as  a  transformative  platform  in  meta-
surface  engineering,  as  distinguished  by  its  unparalleled
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capacity  for  micro-to-nanoscale  lithographic  patterning
capacity12,13,  optical  birefringence  triggering11,  exceptional
structural reconfigurability14, and extensive material/process
compatibilities15−18.  Its prowess is particularly evident in the
high-throughput  multifunctionally  chemical-physical  engi-
neering  of  plasmonic  and  hard-to-process  materials15,19,
most  notable  for  refractory metals  which defy conventional
fabrication  approaches20−22.  Full  potential  to  orchestrate  an
optimal equilibrium among fabrication efficiency, precision,
and  manufacturability  is  anticipatable12,23.  "One  stone  with
two  birds"  simultaneous  creation  of  laser-induced  periodic
surface  structures  (LIPSS)  and nanoparticles  (NPs)  is  easily
accessible  by  Fs-LMDW24,25.  Hierarchical  architecture  of
tungsten  LIPSS/NPs  has  been  theoretically  established  as
meta-atoms  for  visible  (Vis)  polarization-sensitive  chro-
matic  display  and  multi-band  camouflage  spanning  the
infrared  (IR)  region20.  By  implementing  in  situ  fs  laser
subtractive/additive  integrated  manufacturing  to  yield
dimensionally  gradient  micro/nanostructures,  IR-informa-

tional  encryption  and  decryption  responsive  to  multiple  IR
stimuli  (e.g.,  human  hand,  hot  water,  cold  ice,  etc.)  while
maintaining  visual  black  imperceptibility  under  ambient
conditions have been realized25.

Despite advancements, multispectral modulation capabil-
ities  achieved  by  fs-LMDW  remain  substantially  underde-
veloped compared to those of nanoprinting and other tech-
niques fabricated metasurfaces2,26. A critical challenge lies in
the  hierarchically  micro/nanostructuring  capacity  of  fs-
LMDW,  namely,  how  to  achieve  direct  writing  of  both
Vis/IR-information  in  a  monolithic  metasurface  (all-in-one
metasurface)  to  realize  non-interferential  IR  information
encryption/decryption  display  and  visual  fraudulence
(erasable and rewriting of Vis-information would be better).
What's  more,  how  to  enhance  the  cryptographic  security
through  selective  decryption  under  harsh  environments
(e.g., high temperature) as schematically illustrated in Fig. 1,
is  highly  desirable  to  push the  frontier  boundary  of  fs  laser
fabricated metasurfaces.

 

Fig. 1 | Schematic concept of fs-LMDW fabricated all-in-one metasurface for integrated visible/infrared information input and crosstalk-free visual fraudu-
lence and IR-encryption/decryption. Thereinto, visible and infrared information is erasable/rewritable and temperature-controlled display, respectively.
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In  this  study,  we  propose  a  methodology  to  monolithi-
cally  encode  both  IR/Vis-information  on  pure  zirconium
(Zr)  refractory-metal  substrates  without  spectral  crosstalk,
termed  as  femtosecond  laser  maskless  direct  writing  (fs-
LMDW),  which  is  successively  performed  in  air  and  ethy-
lene glycol (EG) environments. This approach leverages the
environment-dependent physicochemical laser-matter inter-
actions  and  their  excellence  in  different  dimensions  of
micro/nanostructuing. Hierarchically gradient micro/nanos-
tructures capable of modulating optical properties in the IR-
band  is  achievable  in  air,  while  insufficient  oxidation
featured  by  abundant  oxygen  vacancies  imparts  a  black
coloration  to  all  products;  EG  environment  exclusively
induces  oxygen-vacancy-deficient  grey-color  nanostructur-
ing without any impact on the microstructures correspond-
ing  to  the  pre-encoded  IR  information.  The  correlation
between fs-LMDW processing parameters and the resultant
structural  features  and  the  multispectral  properties  are
systematically  investigated.  Dual-mode  information  encod-
ing  and  selective  IR-information  decryption  under  high-
temperature  condition  (300  °C)  and  the  accompanied
erasability  of  Vis-information  is  presented.  Fs-LMDW Vis-
information  rewritability  is  illustrated  with  the  underlying
mechanism  being  investigated.  A  simple  application
scenario  is  elucidated  to  exemplify  merely  one-time
complete  erasability  of  the  fabricated  encryption  metasur-
faces.  The  broad  material  compatibility  of  fs-LMDW  for
dual-band spectra modulation is investigated, alongside with
a  discussion  on  the  possible  coloration  pathways  through
oxide  and  plasmonic  material  engineering.  Finally,  the
merits  of  fs-LMDW  relative  to  conventional  metasurface
fabrication  techniques  are  highlighted,  with  particular
emphasis on its advantages over approaches utilizing PCMs
such as Ge2Sb2Te5 (GST) and VO2.

 2    Materials and methods
 2.1  Meta-unit screening via fs-LMDW in air and liquid

Fs  laser  ablation  of  Zr/Mo/TC4-(Ti6Al4V)  substrates
(dimension:  30  ×  30  ×  1  mm3,  purchased  from  Qinghe
County Lisheng Metal Materials Co., Ltd.) and W substrates
(dimension:  30  ×  30  ×  0.3  mm3)  was  performed  using  a
Trumpf TruMicro 2030 fs laser system operating at a wave-
length  of  1030  nm,  pulse  duration of  400  fs,  and repetition
rate  of  400  kHz.  Two  environments  were  adopted:  air  and
EG  solution.  The  laser  beam  was  focused  onto  the  sample
using  an  F-theta  lens  (Linos,  4401-513-00026, f = 167  mm,
Germany).  A  scanning  galvanometer  system  (SCANube
III14, SCANLAB GmbH) was used for line-by-line scanning
at constant scan speed and scan spacing of 200 mm/s and 5
μm, respectively. Five laser powers of 8, 10, 12, 14, and 16 W
were  employed  to  investigate  the  structural  and  composi-
tional  evolution of  the  Zr  matrix  in  air  and liquid environ-
ments.  To  demonstrate  the  wide  applicability  of  fs-LMDW

to  W/Mo/TC4,  four  powers  of  10,  12,  14,  and  16  W  were
adopted.  In  the  liquid-phase  condition,  each  sample  was
immersed  in  15  mL  EG  within  an  80-mm-diameter  Petri
dish.  The  liquid  thickness  between  the  EG/AIR  and
EG/sample  interfaces  was  about  2.5  mm.  The  ablated
samples  were  termed  by  an  environment-power  criteria
(e.g.,  AIR  8  W  and  EG  8  W  are  indicative  of  fs-LMDW
samples at a laser power of 8 W in air and EG, respectively.
After  fs-LMDW,  all  samples  underwent  two  consecutive
ultrasonic  cleaning  in  ethanol  for  3  minutes  to  remove  the
surface residue.

 2.2  Sequential fs-LMDW for metasurface fabrication

With  respect  to  the  fs-LMDW  AIR/EG-hybrid  processing
for  metasurface  fabrication,  all  experimental  parameters
were kept consistent with the laser power as the variant.  IR
information  is  first  written  on  a  zirconium  substrate
(dimensions:  30  ×  30  × 1  mm3)  in  air,  followed  by  visible
information  writing  in  EG  environment.  The  deeply
encrypted  QR  code  information  of  https://www.sjtu.edu.cn
is formed through software encoding. It is divided into three
parts  for  stepwise  temperature-controlled  IR  decryption
display. First, the background region (non-pattern area) was
processed  by  fs-LMDW  at  16  W.  Then,  laser  powers  of  12
W, 10 W, and 8 W were sequentially adopted to write three
parts  of  the encrypted QR code.  After  fs-LMDW in air,  the
sample was ultrasonically cleaned in anhydrous ethanol and
dried  by  air  stream  at  room  temperature.  Afterwards,  the
sample was immersed in EG for visible information encod-
ing by fs-LMDW at a laser power of 10 W. Before informa-
tion  encryption  and  decryption,  the  sample  was  ultrasoni-
cally  cleaned  again  in  anhydrous  ethanol  and  dried  by  air
flow. To further prove the reconfigurability of the Vis-infor-
mation  erasure  by  heating  treatment  at  300  °C  and  rewrit-
ing  by  fs-LMDW  in  EG,  the  deeply  encrypted  QR  code
information was fabricated by fs-LMDW in air, followed by
the  writing-erasure  of  visible  information  of  "上海 "  and
rewriting  of  "交通 "  on  the  same  sample.  The  cleaning  and
drying procedures were the same as described above.

 2.3  Interface characterizations

Surface  morphology and elemental  composition were  char-
acterized  using  a  field-emission  scanning  electron  micro-
scope (FE-SEM, NOVA NanoSEM 230, FEI) equipped with
energy-dispersive  X-ray  spectroscopy  (EDS;  Mn  Kα  excita-
tion  at  125.4  eV).  Cross-sectional  samples  were  prepared
using a focused ion beam (FIB, Helios 5 CX, Thermo Fisher
Scientific)  and  characterized  by  transmission  electron
microscopy (TEM, Talos  F200X,  Thermo Fisher  Scientific).
With respect to the nanostructures obtained by EG-assisted
fs-LMDW, 3D depth and cross-sectional profiles were quan-
tified  by  atomic  force  microscope  (AFM,  MFP-3D,  Oxford
Instruments),  while  the  hierarchical  micro/nanostructures
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obtained  in  air  were  assessed  by  a  confocal  laser  scanning
microscopy  (CLSM,  VK-X3000,  KEYENCE).  Reflective
spectra  spanning  from  UV  to  NIR  band  and  in  the  MIR
band  were  measured  using  UV-Vis-NIR  spectroscopy
(Lambda 950, PerkinElmer) and Fourier-transform infrared
spectroscopy  (FT-IR;  Nicolet  6700,  Thermo  Fisher  Scien-
tific),  respectively.  Chemical  state  analysis  was  performed
using  multiple  complementary  techniques:  Raman  spec-
troscopy  (Senterra  R200-L,  Bruker  Optics)  with  532  nm
excitation was employed to identify molecular vibrations; X-
ray diffraction (XRD, Aeris, Malvern PANalytical) using Cu
Kα  radiation  (λ =  0.15419  nm)  was  utilized  to  determine
crystallographic  phases;  and  X-ray  photoelectron  spec-
troscopy  (XPS;  AXIS  UltraDLD,  Kratos  Analytical)  with
monochromatic Al Kα source was applied to analyze surface
chemistry  and  electron  paramagnetic  resonance  (EPR;
EMXplus,  Bruker  BioSpin)  was  used  to  complement  these
measurements  through the detection of  defect  states.  Addi-
tionally,  infrared  temperatures  and  images  of  the  sample
surface were measured by a thermal infrared camera (FLIR,
E60) to visualize the IR encryption information.

 3    Results and discussion
To systematically screen the meta-unit for fabricating all-in-
one  metasurfaces,  fs-LMDW  of  Zr  plates  was  respectively
conducted  in  air  and  EG  environments. Figure 2(a, b)
presents  the  morphological  characteristics  and  3D  depth
profiles  of  the  resulting  structures  with  detailed  characteri-
zations  shown in Fig.  S1.  When fs-LMDW processed in air
at  the  laser  power  of  8  W,  hierarchical  micro/nanostruc-
tures are produced: laser-induced periodic surface structure
(LIPSS) is located at the base which is overlaid by nanoparti-
cles (NPs) aggregates. The driving forces include the yield of
high-pressure and high temperature (HPHT) extreme envi-
ronments,  along  with  the  yield  of  surface  plasmon  polari-
tons  (SPPs),  laser  induced  shockwave  and  NPs  self-assem-
bly27. Elevating the laser power to 12 W leads to a moderate
increase  in  the  density  and  height  of  NPs  aggregates,
partially  obscuring  the  underlying  LIPSS,  while  further
increasing  the  laser  power  to  16  W  promotes  the  develop-
ment  of  microspikes  comprehensively  covered  by  particu-
late deposits (Fig. 2(a), upper part).

The  presence  of  submicron-scale  particles  indicates  the
occurrence  of  intense  laser  thermal  ablationl28.  Other
dynamics such as rapid solidification29 and convective mass
transport30 are  instrumental  in  spike-structure  formation.
This phenomenon has been previously reported on stainless
steel31,  silicon  (Si)30,  and  titanium  (Ti)32.  The  structural
evolution  is  corroborated  by  quantitative  measurements  of
surface roughness, which increases from 1.03 μm to 4.23 μm
as  laser  power  rises  from  8  W  to  16  W  (Fig. 2(c),  left).  In
contrast,  fs-LMDW  in  EG  yields  hierarchical  nanostruc-
tures  characterized  by  coexistent  low-spatial-frequency
LIPSS  (LSFL)  and  ultrahigh-spatial-frequency  LIPSS

(UHSFL),  (Fig. 2(a),  lower  part)  whose  formation  is
attributable  to  the  material  melting33 and  interfacially
Marangoni-driven  bursting  behavior34.  Increasing  the  laser
power from 8 W to 16 W induces the pronounced structural
inhomogeneity  within  the  LSFL/UHSFL  matrix,  resulting
from  enhanced  thermal  effect  and  longer  melting  lifetime,
more  turbulent  particles  ejections  and  ultrafast  solidifica-
tion owing to the high quenching rate35,  and more complex
bubble  dynamics36 and  laser–bubble  interactions37.  Despite
morphological variations, surface roughness remains consis-
tently confined within 60 ± 10 nm (Fig. 2(c), right), indicat-
ing  fs-LMDW  in  EG  environment  is  advantageous  for
LIPSS-correlated nanomanufacturing.

XRD analysis (Fig. 2(d)) reveals a pronounced fs-LMDW
atmosphere-dependent oxidation behavior. A distinct phase
transition  from  metallic  Zr  to  monoclinic  (m-ZrO2)  and
tetragonal  (t-ZrO2)  zirconia  is  observed after  air-fs-LMDW
at 8 W, whereas only the pure Zr phase is detected in the EG
environment.  This  discrepancy  is  attributed  to  the  signifi-
cant attenuation of pulse energy during laser propagation in
liquid medium39, consistently in comparative studies of NPs
synthesis via laser ablation in air and liquids40. Increasing the
laser  power  to  16  W  remarkedly  enhances  the  oxidation
kinetics, intensifying the characteristic signatures of m- and
t-ZrO2 phases.  This  trend  is  particularly  evident  in  air,  as
further  corroborated  by  Raman  spectroscopy  characteriza-
tion  (Fig. 2(e)),  with  the  vibrational  modes  of  t-ZrO2 at
149/260/327  cm−1,  and  m-ZrO2 at  181/372/468/557/634
cm−1 41,42.  The  Raman  spectra  of  structures  obtained  in  EG
are featureless, with several broad peaks seemingly related to
t-ZrO2 and  m-ZrO2 phases  (Fig.  S2),  indicating  the  LIPSS
structures are highly possible in the metal-dominant, amor-
phous  or  quasi-crystal  state  formed  by  surface  melting  and
solidification33,43.

Both  air  and  organic-solvent  environments  can  induce
metal oxidation upon fs laser irradiation25,44, while the latter
can also promote metal  carbonization34 and carbon deposi-
tion34,39. Consistent with these reports, our EDS, Raman, and
XPS  analyses  (Fig. 2(f–h))  confirm  the  carbon  incorpora-
tion  in  the  EG-processed  samples.  EDS  quantitative  results
indicate  substantially  higher  carbon  contents  in  structures
formed  in  EG  than  those  formed  in  air  (Fig. 2(f)).  Raman
spectra  further  affirm  selective  carbon  formation  in  EG,
exhibiting  characteristic  D  and  G  bands  within  1300–1400
cm−1 and  1550–1600  cm−1,  respectively  (Fig. 2(g)).  The
intensity  ratio ID/IG exceeds  2.0,  indicating  a  higher  degree
of structural disorder45. Such elevated ratios (>1) indicate the
predominant  formation  of  structurally  disordered  amor-
phous carbon (a-C) domains46. XPS C1S analysis identifies a
distinct Zr–C bond at a binding energy of 281.80 eV exclu-
sively in the EG-sample (Fig. 2(h)), while XPS Zr 3d spectra
demonstrate that EG-LIPSS has a higher percentage of pure
Zr  phase  than  particles-aggregates  formed  in  air  (Fig. 2(i)).
According  to  the  temperature-dependent  phase  transition
sequence of cubic ZrO2 (c-ZrO2) > t-ZrO2 > m-ZrO238,  it is
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Fig. 2 | Structural and compositional analysis of fs-LMDW in AIR and EG environments. (a) Low/high-magnification SEM images of resultant surface struc-
tures obtained by fs-LMDW in air and EG environments at laser powers of 8 W, 12 W and 16 W. Details of structures are shown in Fig. S1. (b, c) 3D topogra-
phy and roughness summary of AIR/EG-assisted fs-LMDW samples, respectively. (d) XRD spectra of EG 8 W, EG 16 W, AIR 8 W and AIR 16 W samples and
marking of  associated Zr  (PDF#04-008-1477),  m-ZrO2 (PDF#04-001-7279),  and t-ZrO2 (PDF#01-070-7300) phases.  (e–g)  Raman spectra of  AIR-assisted fs-
LMDW, EDS elemental (Zr/O/C) atom-percentages of all as-prepared samples, and Raman spectra of carbon featured peaks for AIR/EG-assisted fs-LMDW
samples. (h, i) High-resolution C 1s and Zr 3d XPS spectra of AIR 16 W and EG 16 W samples. (j) Temperature-correlated phase transition from monoclinic
ZrO2 to tetragonal ZrO2 and cubic ZrO2. (k) Schematic illustration of morphological and compositional differences of obtained structures in air and EG envi-
ronments and corresponding EPR spectra demonstrating the sufficient/deficient density of oxygen vacancies (OV) within ZrO2-x. Figure reproduced from: (j)
ref38, Elsevier Ltd.
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inferred  that  the  local  temperature  induced  by  fs-LMDW
exceeds 1170 °C (Fig. 2(j)). The dominance of the metastable
t-ZrO2 phase  underscores  the  characteristic  ultrafast  heat-
ing  and quenching  rates  intrinsic  to  fs-LMDW at  a  magni-
tude  of  1012–1014 K/s47−49.  Nanoscale  structuring  may  also
contributes  to  an increased surface  energy,  promoting size-
dependent thermodynamic stabilization of t-ZrO2 phase50.

When  fs-LMDW  is  performed  in  organic  solvent,  the
synthesized  nanomaterials  are  dispersed  in  the  liquid
medium51.  Consequently,  the  resulting  surface  structures
primarily  comprise  hierarchical  LIPSS  nanostructures  with
minimal  particulate  deposition  (Fig. 2(k)).  In  contrast,  fs-
LMDW  in  air  leads  to  substantial  redeposition  of  NPs,
which accumulate densely on the surface to form particulate
aggregates,  acting  as  fundamental  building  blocks  for  both
structural  and  optical  modulation24,25.  EPR  analysis  (Fig.
2(k)) demonstrates a higher density signal of oxygen vacan-
cies  (g=2.004)  for  structures  obtained  in  air.  This  is  due  to
the dominant oxidation reaction pathway25, Gaussian-beam-
induced gradient  oxidative ablation52,  laser  defect  engineer-
ing53 and non-equilibrium dynamics during particle synthe-
sis54,  which  collectively  favoring  the  formation  of  nonstoi-
chiometric oxides25,55.

Oxygen-vacancy-rich  non-stoichiometric  ZrO2−x struc-
tures  prepared  by  fs-LMDW  in  air  are  excellent  black
absorbers  with  low visible-reflectance  and  modulable  MIR-
reflectance  (Fig. 3(a, c)),  supporting  the  flexibility  and  ease
of  fs-LMDW to  fabricate  black  absorbers  and emitters56.  In
contrast, the hierarchical LIPSS nanostructures produced in
EG  exhibit  slightly  higher  visible  reflectance  (Fig. 3(b, e)),
attributable  to  the  lower  density  of  oxygen  vacancies  (Fig.
2(k)) and a higher percentage of pure Zr (Fig. 2(i)). Theoret-
ical  color  values  derived  from  reflectance  spectra  are
converted  into  CIE  XYZ,  CIE  L*a*b,  and  HSL  color  space
coordinates,  as  summarized in Fig.  S3,  confirming minimal
chromatic  deviation  among  air-ablated  samples.  Increasing
the  laser  power  from  8  W  to  16  W  for  fs-LMDW  in  air
results in the reflectance reduction of MIR band in the wave-
length range of 8-13 μm (LWIR, Long Wavelength Infrared)
from 30.1% to 20.9% (Fig. 3(c)), about 9.2% enhancement of
IR emissivity (emissivity = 1 – reflectance), whereas the visi-
ble-band  reflectance  is  relatively  stable,  insensitive  to  the
laser  power  alteration.  Due  to  the  absence  of  microstruc-
tures,  the overall  MIR-reflectance of  EG-structures  is  much
higher (Fig. 3(b, e)).  The AIR/EG-structures display distinct
saturation and lightness profiles (Fig. 3(d, f))  because of the
black and (brown) grey appearance.  Within each series,  the
values of color saturation and lightness are very close, indi-
cating  the  large  processing  window  for  similar-color  alter-
ation and information encryption25.

According  to  the  Stefan-Boltzmann  law  (E = σεT4),  the
infrared radiation energy (E) is proportional to the emissiv-
ity  (ε)  and  the  fourth  power  of  absolute  temperature  (T)57.
Under  elevated  temperatures,  the  resultant  radiative  emis-
sion is substantially amplified, suggesting that the interfacial

temperature with high emissivity is comparatively higher in
a  thermal  camera25,58.  Our  experimental  results  reveal  the
same trend when heating the samples from 50 °C to 300 °C
(Fig. 3(g, h)).  The  temperatures  of  air-specimens  signifi-
cantly  exceed  those  of  EG-counterparts  under  the  same
conditions. A clear decreasing trend of the maximal temper-
ature  difference  (ΔT)  between  the  surface  temperature  and
the setting heating temperature is observed (cross arrow) for
air-samples  processed  at  higher  laser  powers  with  higher
emissivities  (Fig. 3(g),  left);  whereas  EG-ablated  samples
exhibit  a  minimal  temperature  variation  under  the  consis-
tent heating conditions (Fig. 3(h), left). Figure 3(i, j) summa-
rizes the morphological and spectral properties of structures
obtained in air and EG environments, respectively. The low
reflectance  difference  of  the  black  absorbers  (hierarchical
micro/nanostructures)  formed  in  air  can  easily  endow
imperceptible  encoding  of  black-color  information  but
sensitive to the increase of samples' temperatures,  while the
LIPSS nanostructures generated in EG exhibit highly consis-
tent  spectral  properties  in  the  LWIR  atmospheric  window
but display different colors in the visible band as compared
that  of  air-assisted  fabricated  specimens.  In  light  of  their
separated  visible/infrared-band  spectra  modulation  capaci-
ties,  they  are  deemed  to  be  good  partners  to  develop  novel
metasurfaces as conceptionally proposed in Fig. 1 for visual
discrimination by the human eye (EG-fs-LMDW), with air-
fs-LMDW-encoded IR-information in the underlying struc-
tures  being  resistent  to  the  rewritable  EG-fs-LMDW
nanomanufacturing  and composition alteration upon high-
temperature thermal treatment.

All-in-one  metasurface  supporting  dual-band  informa-
tion  crosstalk-free  display  is  fabricated  as  schematically  in
Fig. 4(a),  simultaneously  integrating  visible  "SJTU"  pattern
and an  QR code  IR-information  on  a  Zr  substrate  (3  cm ×
3 cm × 1 mm). A thermal "lock" is set as the "key" for high-
security IR-information decryption, requiring the substrate's
temperature  to  be  elevated  to  300  °C  for  full  information
retrieval  (Fig. 4(b)).  The  IR-band  QR  code  is  fabricated  by
air-fs-LMDW  through  gradient  laser  structuring  at  laser
powers  of  8  W,  10  W,  and  12  W,  while  the  background  is
processed  at  16  W.  The  uniform  visual  black  appearance
across  the  whole  region  effectively  conceals  the  underlying
IR  information,  providing  visual  encryption.  Subsequently,
deceptive  grey  color  visible  information  is  inscribed  via  fs-
LMDW in the EG environment, yet their thermal properties
remain  close  to  the  background,  ensuring  no  interference
with the encrypted IR-band QR code. At ambient temperature
(16 °C, winter), the IR information remains fully encrypted.
Partial decryption occurs upon heating to 50 °C and 100 °C,
with  complete  decoding  achieved  at  300  °C,  where  the  QR
code  becomes  readable  using  a  standard  smartphone  (Fig.
4(c–e)).  Concurrently,  the  visible  "SJTU"  pattern  is  ther-
mally  erased.  The  encrypted  QR  code  is  highly  stable  after
twenty-cycles  of  IR-encryption/decryption  tests  between
room  temperature  and  stimuli  heated  at  300  °C  (Fig.  S5).

Jiang HM et al. Opto-Electron Adv 9, 250303 (2026) https://doi.org/10.29026/oea.2026.250303

250303 (Page 6 of 15)

https://doi.org/10.29026/oea.2026.250303
https://doi.org/10.29026/oea.2026.250303
https://doi.org/10.29026/oea.2026.250303


 

Zr
Zr

EG

Zr
Zr

O2

O C ZrO2−x

IR λ

Re
fle

ct
an

ce

IR λ

Re
fle

ct
an

ce

Visible λ

8  W 16  W

Re
fle

ct
an

ce

Stefan-boltzmann law

IR λ

Re
fle

ct
an

ce

IR λ

Re
fle

ct
an

ce

Visible λ

8  W 16  W

Re
fle

ct
an

ce

O C ZrO2−x ZrC

Power (W)
8 10 12 14 16

lR image
at 300 °C

47.7 °C

240.5 °C

49.2 °C

250.1 °C

51.8 °C

261.7 °C

50.5 °C

284.8 °C

52.6 °C

53.5

44.9
336.8

239.3293.2 °C

lR image
at 50 °C

Op�cal
image

AIR 8 W
AIR 10 W
AIR 12 W
AIR 14 W
AIR 16 W

AIR 8 W
AIR 10 W
AIR 12 W
AIR 14 W
AIR 16 W

AIR

Re
fle

ct
an

ce
 (%

)

Re
fle

ct
an

ce
 (%

)

0

5

10

15

20

0
10

100
60
50
40
30
20

400 500 600 700 4 8 12 16
Wavelength (nm) Wavelength (μm)

EG 8 W
EG 10 W
EG 12 W
EG 14 W
EG 16 W

EG 8 W
EG 10 W
EG 12 W
EG 14 W
EG 16 W

EG

Re
fle

ct
an

ce
 (%

)
Av

er
ag

e 
re

fle
ct

an
ce

 (%
)

Re
fle

ct
an

ce
 (%

)

0

5

10

15

20

0

100

60
70
80
90

50
40

400 500 600 700 4 8 12 16
Wavelength (nm) Wavelength (μm)

In
te

ns
ity

 (%
)

0

10

60

50

40

30

20

EG
 8 W

EG
 12 W

EG
 16 W

EG
 10 W

EG
 14 W

MIR

8-13 μm

Visible

350-780 nm 8 10 12 14 16

Laser power (W
)

0
3
6

76
78
80

9

Satura�on
Lightness

Av
er

ag
e 

re
fle

ct
an

ce
 (%

)

In
te

ns
ity

 (%
)

0

10

60

50

40

30

20

AIR 8 W

AIR 12 W

AIR 16 W

AIR 10 W

AIR 14 W

MIR

8-13 μm

Visible

350-780 nm 8 10 12 14 16

Laser power (W
)

Laser power (W)

0
4
2

6

27
24

30

21

Satura�on
Lightness

8
10

12
14

16

300
250

200
150

100
50

THea�ng (°
C)

T S
am

pl
e/

T H
ea

�n
g (

%
)

80
75

85
90

95
100

Power (W)
8 10 12 14 16

lR image
at 300 °C

30.7 °C

128.3 °C

31.0 °C

131.9 °C

31.5 °C

132.2 °C

31.7 °C

134.3 °C

31.7 °C

53.1

31.0
334.2

128.1136.8 °C

lR image
at 50 °C

Op�cal
image

Laser power (W)
8

10
12

14
16

300
250

200
150

100
50

THea�ng (°
C)

T S
am

pl
e/

T H
ea

�n
g (

%
)

80

30

50
40

90
100

a

d f

h

ji

b

c e

g

Fig. 3 | Optical  and  thermal  properties.  (a–f)  UV-Vis,  MIR  reflectance  spectra,  average  reflectance  and  color  saturation/lightness  statistics  of  samples
obtained by fs-LMDW in air and EG, respectively. (g, h) Thermal evolution trend (TSample/THeating) for AIR/EG-samples obtained at laser powers of 8, 10, 12,
14,  and  16  W  upon  heating  at  temperatures  of  50,  100,  150,  200,  250  and  300  °C  and  corresponding  optical  and  IR  images  at  50  °C  and  300  °C.  (i,  j)
Schematic illustration of structural, compositional, and optical regulation capacities by reactive fs-LMDW in air and EG environments, respectively.
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We  further  demonstrate  sequential  writing,  erasure,  and
rewriting of visible content ("上海"  followed by "交通") on
the  same  QR-code  IR-encoding  substrate  (Fig. 4(d, f)).  The
first  erasure  cycle  completely  removes  all  visible  informa-
tion,  whereas  residual  information  marks  are  observable
after the 2nd erasure process. It can help to check whether the
IR information has been decrypted after heating the sample at
300 °C. If it is completely erasable, it means that this sample
has  not  been  subjected  to  high  temperature  IR  decryption
and  fs-LMDW  rewriting  in  EG,  while  if  impossible  to
completely  erase  the  visible-information,  it  means  that
someone  has  already  decrypted  the  encrypted  IR-informa-
tion and it is no longer safe.

To  elucidate  the  underlying  erasure  mechanism,  a
detailed  investigation  of  the  morphological  and  composi-
tional  evolution  at  the  Vis-information  interface  boundary
was conducted before and after heating treatment at 300 °C.
As  illustrated  in Fig. 5(a),  both  the  AIR-fs-LMDW  and  the
EG/AIR overlapping zones (designated as AE) exhibit negli-
gible morphological alteration following 300 °C heating. The
EG-fs-LMDW patterning on the AIR-fs-LMDW QR-coding
region  (composed  of  LIPSS  and  NPs-aggregates)  effectively
removes the particulate, leading to a reduction in the surface
roughness  (Fig. 5(b),  upper).  Both  configurations  remain
structurally  stable  against  300  °C  heating  treatment  (Fig.
5(b),  lower).  Raman  spectroscopy  (Fig. 5(c))  confirms  the
retention  of  carbon  within  the  EG-patterned  structures,  as
evidenced  by  the  persistent  D  and  G  bands  and  ZrO2 is
detected within all  samples.  EDS analysis  further reveals  an
increase in oxygen content within both regions after heating,
with  the  compositional  discrepancy  between  the  AIR  and
AE  zones  decreasing  from  7%  to  2%  (Fig. 5(d)),  signifying
the  occurrence  of  homogeneous  oxidation  during  300  °C
annealing.  This  finding  is  substantiated  by  cross-sectional
profiling  (Fig. 5(e)),  which  identifies  a  distinct  oxide  layer
approximately 100 nm thick, absent in the pristine Zr-LIPSS
sample.  High-resolution  TEM  (HRTEM)  coupled  with  fast
Fourier  transform  (FFT)  analysis  delineates  a  multilayered
architecture:  the  outermost  surface  is  an  amorphous  zone
(State I), several to tens of nanometers in thickness, which is
underlain by the layer of hexagonal Zr oriented in different
crystalline  directions  (States  II  and  III),  in  consistent  with
LIPSS formation mechanism via transient melting and rapid
solidification33.  After  thermal  treatment,  LIPSS  surface
undergoes oxidation transformation into a graded structure
comprising  an  amorphous  and  t-ZrO1.98 layer  atop  the  Zr
substrate. The erasability of visible information also benefits
from the  high thermal  stability  of  black  non-stoichiometric
zirconia  (ZrO2−x)59 which  is  the  composition  of  structures
responsible  for  the  steadily  displayed  encoded  IR  informa-
tion.  EG-fs-LMDW  should  induce  a  reductive  reaction  of
metallic  Zr,  which  undergoes  incomplete  oxidation  during
thermal heating at 300 °C60 to blacken the surface, realizing
visible-information erasure. Note that there is a laser-power
threshold  for  the  visible-information  erasability  and

crosstalk-free dual-band information display, as indicated in
Fig.  S6.  Visible  information  is  erasable  and  rewritable  less
than 14 W, but can no longer be erased at 14 W due to hier-
archically  oxidative  structuring  which  significantly  influ-
ences the encrypted IR information structures.

The  present  work  exhibits  limited  visible-color  diversity
within the Zr-ZrOx material matrix. Therefore, assessing the
wide  mateiral  applicability  of  fs-LMDW  and  enhancing
coloration  capacity  of  fabricated  metasurfaces  become  two
important  issues.  We  applied  fs-LMDW  to  Mo,  W,  and
Ti6Al4V (TC4) in air and EG, respectively. UV-NIR to MIR
reflection spectra (Fig. 6(a)) show material-dependent spec-
tral  control  despite  similar  visible  colors.  Air-processed
samples all appear black (<10% reflectivity), but MIR modu-
lation varies significantly: Mo > W > TC4, inversely correlat-
ing  with  their  melting  points  (Mo:  2620  °C,  W:  3422  °C,
TC4:  1670  °C).  Notably,  Mo  samples  exhibit  greater  MIR
modulation than Zr samples (Fig. 6(b)), despite lower struc-
ture  height.  This  result  is  analogous  to  the  gradient  hierar-
chical  WO3−x micro/nanostructures  obtained  by  fs  laser
ablation of W in the quartz-confined space25,  indicating the
large  structural/spectra  modulation  window  is  enabled  by
seemingly  disordered  but  in  reality  relatively  homogeneous
particles' deposition and aggregations. The MIR modulation
capacity,  however,  diminishes  markedly  for  both  W  and
TC4, inversely correlating with their respective high and low
melting points.  The limited fs-LMDW modulation for W is
principally  due  to  its  arduous  processability  and  reduced
yield  of  particles  for  the  formation  of  gradient  microstruc-
tures20.  For  TC4,  its  considerably  lower  melting  point
promotes facile fs-laser ablation, leading to rapid saturation
of  the  hierarchical  micro/nanostructure  development  and
thus constrained modulation. Processing in EG liquid envi-
ronment,  conversely,  leads  to  the  near-identical  MIR
reflectance  spectra  for  fs-LMDW  Mo/W  samples  but
disparate  visible  colors,  analogous  to  Zr  samples  processed
under  similar  conditions.  This  spectral  decoupling  under-
scores  their  applicability  in  fs-LMDW-based,  crosstalk-free
Vis/IR  information  encryption.  Critically,  their  enhanced
thermal  stability  (melting  points  exceeding  Zr  (1852  °C)61

further potentiates high-temperature encryption capabilities.
Given  the  well-established  prowess  of  fs  lasers  in  func-

tional  micro/nanostructuring,  fs-LMDW technique demon-
strably  extends  to  numerous  transition  metals  (Fig. 6(c)),
with  potential  applicability  broadening  to  semiconductors
and  diverse  material  matrices.  While  TC4  exhibits  signifi-
cant  spectral  deviations  in  both  visible  and  infrared  bands
under  current  parameters,  this  preliminary  result  does  not
preclude  its  viability;  rather,  it  necessitates  optimization  of
the processing window. Fs-LMDW is often accompanied by
the  yield  of  high-density  oxide  particles  and  their  in  situ
deposition  into  aerogels24.  The  density  of  deposited  aerogel
is  controllable  via  equipping  a  dust  collector  and  changing
scan intervals27, while composition and visible coloration are
tunable  through  selection  of  fs-LMDW  target  materials.
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Vibrant multi-coloration should be achieved through inter-
facial  particle  disposition  and  nanoscale  sintering,  mini-
mally  impacting  the  underlying  IR-encrypted  microstruc-
tures. Leveraging the broad material compatibility is achiev-
able  by  fs-laser  nanomaterial  synthesis51,63 and  high-resolu-
tion  laser  forward  printing64,65.  Further  color  enrichment

should be also feasible via interfacial plasmonic metal parti-
cles  (e.g.,  Ag,  Au),  enhancing  visible  display  without
compromising  high-security  IR  decryption.  The  resulting
all-in-one metasurfaces exhibit performances comparable to,
and  in  aspects  advantageous  over,  state-of-the-art  lithogra-
phy-based counterparts66 and other alternative crosstalk-free
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cryptographic  systems,  such  as  hybrid  planar  plasmonic
cavities67,  mask-guided  multilayer  deposition  and  structur-
ing62,68,69, as detailed in Table 1.

Contemporary  thermal  emissivity  encryption/decryption
is  predominantly  exploited  through  the  semiconductor-to-
metal  transition  in  VO268,70 and  the  amorphous-crystalline
(a-c)  phase  transition  in  Ge2Sb2Te5 (GST)62.  GST-based
encryption systems inherently lack gradual decryption capa-
bility  unless  crystallization  gradients  are  precisely  engi-
neered.  Erasing  visible-information  in  the  form  of  c-GST
mandates  energy-intensive  reamorphization  via  ultrafast
quenching  such  as  laser  irradiation74.  GST's  chromogenic
output is  restricted to grayscale unless altered by selectively
patterned coating of IR-transparent materials (e.g., Si, Si3N4,
Si3N4/Ge,  TiO2)  with  the  assistance  of  preprepared  pattern
masks68,72.  When  c-GST  is  adopted  as  the  underlying  IR-
information  module,  erasure  is  accessible  by  annealing  at
150 °C via c-to-a-GST phase transition71,72.  While W-doped
VO273,75 enables  tunable  thermal  emission  via  phase-transi-
tion  modulation  (~68  °C  intrinsic,  extendable  to  ~80  °C76),
high  temperature  application  is  thermally  constrained.  In
stark  contrast,  refractory-metal  metasurfaces  fabricated  via
fs-LMDW exhibit  exceptional  thermal  resilience,  sustaining
cyclic operation at 300 °C (Fig. 4), surpassing PCMs in high-
temperature robustness.

Fabrication  complexity  further  distinguishes  these
approaches.  Constructing  a  typical  Al2O3/GST/ZnS/Au/Si
encryption  system  demands  multi-step  processes:  nanosec-
ond/millisecond  (ns/ms)  laser  irradiation  for  bump-struc-
ture  lithography  and  phase  modulation,  thermal/electrical
evaporation of stratified layers (150 nm Au, 850 nm ZnS, 25
nm  GST,  30  nm  Al2O3)70. Figure 6(d) entails  the  "4M"
complexities  for  multi-layer  Vis-IR  information  crosstalk-
free GST-based metasurfaces: Multiple fabrication steps (Al
reflector,  Cr  IR  emissivity  modulator,  a-GST  deposition),
Multiple  equipment  (lasers  for  patterning), Multiple  masks
(Vis/IR  information  and  corresponding  alignment),  and
Multiple  materials62.  Thickness  sensitivity  also  necessitates
nanoscale  precision.  The  adoption  of  nano-lithography72,77

and  noble  metals  (e.g.,  Au71 and  Ag72)  also  inflate  cost  and
limit  scalability.  Conversely,  fs-LMDW  imposes  minimal
thickness  constraints,  allowing  easy  screening  of  the  dual-
band information-interference processing window, position-
ing it as a transformative platform to push forward the inno-
vative manufacturing of cryptographic metasurfaces. The fs-
LMDW technique on the basis of hierarchical structuring24,25

also offers unparalleled advantages in operational simplicity,
high writing velocity, flexible patterning, and material versa-
tility,  particularly  advantageous  for  processing  refractory
metals/alloys  and  other  hard-to-process  materials20,47,78,79.

 

Table 1 | Visible-infrared dual-band crosstalk-free information encryption techniques, details and their pros/cons.
 

Technique;

key materials

Visible

input

Infrared

input
Pros Cons Ref

Magnetron sputtering;

Si/Ge-Ge/PEI
Si-pattern selective coating 700 nm Ge pattern coding

IR-radiation direction control;

visible-band colorful

Pattern mask needed for

information input and color

control

ref.69

Magnetron sputtering;

GST/Cr/Al/Si

Laser induced a-to-c-GST

phase transition
Cr-layer selective patterning Wafer-sized patterning

Grey color confined; GST

thickness dependent
ref.62

Ns/ms laser irradiation +

thermal/electrical

evaporation;

Al2O3/GST/ZnS/Au/Si

Ns laser irradiation bump-

structure patterning

Ms laser induced a-to-c GST

phase transition

High resolution of

information encoding

(~0.6 μm, 4.23 × 104 dpi)

Complex layout, multiple

equipment
ref.70

Magnetron sputtering +

sample annealing; GST/Si

multi-layer metasurface

Si-module (Sitop) with

different film thicknesses

Emission control module

[GST/Si] subjected to thermal

annealing and Au pattern

coating

Multi-color display

modulation through IR-

transparent films; IR-info

erasability at 150 °C

High cost, pattern mask

needed, low erasable

temperature threshold

ref.71

UV-photolithography;

selective laser irradiation and

film deposition;

GST-grating/Ag

Si3N4 patterned deposition

(Ge layer for color

enrichment)

c-GST nanograting and IR-info

erasability at 150 °C

Multi-color display

modulation through IR-

transparent films

Pattern mask and multiple

equipment needed, low

erasable temperature

ref.72

PLD + self-assembly;

W-doped VO2 + PS

microsphere

Self-assembled PS-

microsphere layer

W-doped VO2 films with W-

atom percentages of 0, 0.8%,

1.7 %

Temperature-controlled

stepwise IR information

decryption

Pattern mask needed; overall

Vis-color; loose PS

microsphere layer

ref.73

Fs-LMDW;

(Zr, Mo, W)

LIPSS nanostructuring in liquid

(e.g., EG); grey/black

Micro/nanostructuring in air

and composition alteration

Flexibility, convenience,

erasability and rewritability;

selective 300 °C HT-IR-

decryption

Vis-band color-limited This work

Note: Nanosecond/millisecond (ns/ms) laser; pulse laser deposition (PLD); polystyrene (PS); Polyetherimide (PEI); high temperature (HT)
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Fs-LMDW  achieves  throughput  metrics  orders  of  magni-
tude  superior  to  electron-beam  lithography  (EBL),  which
requires ≈11 min to fabricate a mere 1 mm2 metasurface at
200  nm  resolution80.  Ref.6 compares  three  cornerstone
nanolithographies  (EBL,  focused  ion  beam  (FIB),  laser
lithography)  for  metasurface  fabrication,  affirming  the
advantage  of  high-velocity  laser-based  methods.  Our
methodology  extends  this  frontier  by  replacing  ordered
nanoscale  patterning  with  randomly  laser-driven  hierarchi-
cal  structuring,  unlocking  previously  inaccessible  design
spaces  for  scalable  fabrication of  "structurally  disordered to
functionally ordered" photonic metasurfaces. During fs laser
ablation, extreme temperatures (103 K order) and GPa-level
shockwaves  induces  the  m-ZrO2 phase  transition  to
metastable  t-ZrO247.  Although  altering  unit  cell  volume  of
ZrO281 may  theoretically  generate  internal  stresses,  experi-
mental  evidence  demonstrates  remarkable  stability:  subsur-
face  m-ZrO2→t-ZrO2 transition  in  3  mol%  Y2O3 stabilized
tetragonal  zirconia  polycrystals  (3Y-TZP)  resists  ultrasonic
washing47.  Ultra-rapid  thermal  cycling  inherent  to  fs  laser
ablation47 is  further  enhanced  in  liquid  media,  facilitating
crack-minimized  t-ZrO2 crystals' solidification35.  Critically,
structural  evolution  is  confined  to  near-surface  regions,
inherently limiting volumetric strain and concomitant stress
generation. Thus, it is deemed that fs-LMDW autonomously
governs  structural  stability  and  structural  morphology
during  laser-matter  interactions,  ensuring  rewrite/erase-
involving dual-band encryption/decryption functionalities.

 4    Conclusions
This work demonstrates a novel methodology for multispec-
tral  all-in-one  metasurface  fabrication  by  fs  laser  maskless
direct  writing  sequentially  in  air  and  EG  environments,
enabling  visible  information  erasure  and  rewriting  to
deceive  naked  eyes  and  temperature-controlled  stepwise
decrypted  display  of  IR-band  encryption  information.
Complete decryption requires the temperature to reach 300
°C,  effectively  protecting  the  critical  IR-encrypted  informa-
tion through harsh environment stimuli,  a  temperature can
not be realized by phase transition materials  for IR encryp-
tion. Decryption requires specific high temperatures, signifi-
cantly enhance the security of information encryption. Visi-
ble  information  "SJTU"  and  IR  information  of  a  QR  code
that  directs  to  a  website  are  integratedly  fabricated  for
conceptional validation. The erasability is due to the insuffi-
cient-oxidation black-coloration of  visible  information (i.e.,
introduction  of  a  high  density  of  oxygen  vacancies),  while
the  rewritability  is  aroused  by  removal  of  interfacial  black
NPs aggregates and LIPSS imprinting. There is a processing
threshold  of  visible  information  input  for  crosstalk-free
dual-band  display  and  the  erasable-to-rewritable  capacities.
Above this value,  visible information displays together with
the IR information, i.e.,  information crosstalking. One-time
complete  erasability  of  fs-LMDW  fabricated  metasurface  is

helpful  to  identify  whether  the  encryption  information  has
been decrypted. Through our finding, it is revealed that EG-
nanostructuring and Air-micro/nanostructuring are the keys
for rapid (200 mm/s) fs-LMDW fabrication of multispectral
all-in-one  metasurface,  highly  advantageous  to  PCM-based
metasurfaces  constrained  by  high  design  complexity,  intri-
cate  fabrication  processes,  and  dependency  on  predefined
information  encoding  mask  templates  and  essential  adop-
tion of multiple micro/nanofabrication techniques.
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