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Non-volatile tunable multispectral compatible
infrared camouflage based on the infrared
radiation characteristics of Rosaceae plants
Xin Li1†, Xinye Liao1†, Junxiang Zeng1†, Zao Yi2, Xin He1*, Jiagui Wu3*,
Huan Chen1, Zhaojian Zhang1, Yang Yu1, Zhengfu Zhang1, Sha Huang1
and Junbo Yang1*

Most multispectral compatible infrared camouflage devices primarily focus on achieving low emissivity but neglect envi-
ronmental emissivity matching when environmental emissivity exceeds that of the devices, this creates a "low-emissivity
exposure" risk. To address this issue, we develop a tunable multispectral compatible infrared camouflage device using
phase  change  material  In3SbTe2 (IST).  Simulation  and  experimental  results  demonstrate  that  in  both  the  amorphous
(aIST) and crystalline (cIST) states, the device achieves simulated plant infrared camouflage and ultra-low emissivity in-
frared camouflage within the atmospheric window bands (3–5 µm and 8–14 µm). To address thermal management, it uti-
lizes two non-atmospheric window bands (2.5–3 µm and 5–8 µm) for heat dissipation. Additionally, laser stealth is real-
ized at three specific wavelengths (1.064 µm, 1.55 µm, and 10.6 µm). In the visible spectrum, high absorptivity enables
effective visible light camouflage. Adjusting the geometric parameters of top layer structure enables color variation. This
work not only highlights potential applications in reversible switching, reconfigurable imaging, and dynamic coding using
IST but also offers an effective strategy to counter multispectral detection technology.
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Introduction
Advancements in micro- and nano-optics research have
enabled  precise  control  over  various  optical  bands
through  the  use  of  metamaterials1−5,  paving  the  way  for
diverse  functional  applications  across  visible,  infrared,
terahertz,  and  microwave  spectra.  Infrared  camouflage
technology aims to reduce the detectability  of  the target

in the infrared spectrum as  an important  component of
stealth technology, thereby enhancing their survivability.
However, the evolution of infrared detection technology,
particularly  the  integration  of  multispectral  detection
methods,  has  introduced  new  challenges  to  target  con-
cealment.  To  address  these  challenges,  research  into
multispectral  compatible  infrared  camouflage 
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technology6−13 has  become  increasingly  vital.  According
to  Stefan-Boltzmann's  law14,15,  the  intensity  of  thermal
radiation  is  primarily  influenced  by  two  factors:  surface
emissivity  and surface  temperature.  Consequently,  ther-
mal infrared camouflage can be achieved by strategically
controlling these parameters. Typically, the thermal radi-
ation of a target exceeds that of its background, necessi-
tating  the  suppression  of  the  target's  thermal  radiation
signal within the two primary thermal infrared detection
bands,  corresponding  to  the  atmospheric  windows  of
3–5 µm and 8–14 µm.

The  prevailing  research  on  multispectral  compatible
infrared  camouflage  predominantly  encompasses  visible
light, near-infrared, and microwave spectra. In the realm
of visible light camouflage16−19, the primary objective is to
either  achieve  high  absorptivity  or  high  transparency  in
the visible light band, or to seamlessly blend with the col-
or  of  the  surrounding  environment.  For  near-infrared
camouflage20−23,  the  emphasis  is  on  diminishing  the  re-
flection  of  natural  light  sources,  such  as  sunlight  and
moonlight, as well as artificial light sources such as laser.
The research on microwave camouflage24−29, the primary
focus  is  on  attenuating  the  echo  signal  through  mecha-
nisms of absorptivity or scattering. Therefore, multispec-
tral  compatible  camouflage  technology  requires  the  tar-
get  to  achieve  camouflage  effects  across  two  or  more
wave  bands.  Zhang  et  al.30 and  Liu  et  al.31 used  one-di-
mensional  Ge/ZnSe photonic crystal  to attain low emis-
sivity  in  the  3–5  μm  and  in  the  8–14  μm,  while  also
achieving thermal management in the 5–8 μm. Further-
more,  they  utilized  the  top  ZnSe  layer  and  the
MgF2/ZnSe/MgF2/ZnSe  layer  for  color  variation.  Liu  et
al.31 reduced the reflectivity in the near-infrared band by
incorporating  the  MgF2/ZnSe/MgF2/ZnSe  layer  on  the
top of a Ge/ZnSe photonic crystal, resulting in the reflec-
tivity  of  less  than  0.03  for  1.06  μm  laser  wavelength.
Deng  et  al.32 achieved  the  low  emissivity  in  the  thermal
infrared  band  using  the  Ge/ZnS  photonic  crystal.  The
addition of the YbF3/ZnS/Ge/ZnS film at the top result-
ed in the reduced reflectivity in the visible band to 2.67%.
The average reflectivity of the photonic crystal structure
is only 9% in the range of 300–1100 nm. Park et al.20 uti-
lized  a  metal-dielectric-metal  structure  to  achieve  low
emissivity in the 3–5 μm and 8–14 μm, while also imple-
menting  thermal  management  in  the  5–8  μm.  Broad-
band absorptivity in the near-infrared band was realized
through  the  resonance  effect  of  the  top  metal  structure.
Kim et al.33 combined an infrared selective radiator with

a  microwave  frequency  selective  absorber.  The  authors
not only achieved low emissivity in the 3–5 μm and 8–14
μm, and thermal management in the 5–8 μm, but also re-
alized  high  absorptivity  (>90%)  in  the  8–12  GHz  band.
Furthermore,  by  optimizing  the  microwave  absorber
structure,  the  microwave  absorptivity  band  can  be  ex-
tended  to  2–12  GHz34.  But  the  current  multispectral
compatible  infrared  camouflage  is  mainly  focused  on
how  to  achieve  low  infrared  emissivity20,30−32.  From  the
aspect  of  environmental  factors,  if  the  environmental
emissivity is  higher than that of  the target,  then the tar-
get is at risk of "low-emissivity exposure". Therefore, de-
signing device that match the environment is crucial.

Traditional  infrared  camouflage  materials  frequently
depend  on  specialized  coatings  or  structural  designs  to
modify their optical properties. However, the incorpora-
tion of  phase change materials  significantly  expands the
scope  of  infrared  camouflage  application.  Phase  change
materials  can alter  their  lattice  structures  in  response to
external  stimuli,  thereby  bringing  about  significant  dif-
ferences in electrical  and optical  properties between dif-
ferent phase states.  The continuous and reversible regu-
lation of phase change materials between different lattice
structures can be accomplished through methods such as
gate  voltage,  heating,  and  optical  energy  injection35−37.
For  instance,  Pan  et  al.38 successfully  achieved  thermal
infrared-visible compatible camouflage utilizing the met-
al  micro-nanostructure.  They deposited a GST thin film
on the gold film, which resulted in low emissivity in the
3–5  μm  and  8–14  μm  ,  and  high  emissivity  in  the  5–8
μm.  Furthermore,  they  demonstrated  the  ability  to  ma-
nipulate  GST  to  achieve  10.6  μm  laser  stealth.  The  visi-
ble  color  change  was  achieved  by  regulating  the  top  Si
thin film. Zhou et al.39 utilized phase change material IST
to achieve the average emissivity variation of 94% in the
mid-wave  infrared  (3–5  μm).  By  controlling  the  switch
between  the  crystalline  and  amorphous  states  of  IST,
they  realized  infrared  camouflage  under  different  back-
grounds.  Liang  et  al.40 used  the  phase  change  material
VO2 to  regulate  mid-wave  and  long-wave  infrared.  By
controlling  the  switch  between  the  metallic  and  dielec-
tric states of VO2, they were able to regulate the emissivi-
ty in the infrared band (5–13 μm) from 0.1 to 0.78. Zhou
et  al.41 used  phase  change  material  IST  to  attain  low
emissivity  in  the  3–5  μm  and  8–14  μm.  By  controlling
the  switching  between  the  crystalline  and  amorphous
states of the IST, they achieved dynamic tuning ranges of
0.8 and 0.9 in the 3–5 μm and 8–14 μm, respectively. The
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color  variation  was  achieved  by  preparing  different
thicknesses of films on the top layer. Research indicated
that chalcogenide phase change materials (IST and GST)
have  faster  switching  speed  and  more  stable  property
than VO2 phase change material42−45. Compared IST with
GST,  IST  exhibits  better  metallic  property  in  the  in-
frared  spectrum,  with  the  switching  cycle  of  just  510  ns
and the lifespan of over 108 43. However, current research
on IST phase change, reversibility, and patterning is not
sufficient. Achieving phase change, reversibility, and pat-
terning of IST is still the current research focus.

To  resolve  the  challenge  of  environmental  emissivity
matching  and  functional  inflexibility  in  multispectral
compatible  infrared  camouflage,  this  study  employs
Rosaceae  plant  radiation  characteristics  as  the  environ-
mental  emissivity  reference  and  leverages  phase  change
material IST to achieve tunable functionality. The design
of the Cr/IST/Ge/TiO2/Ge/ZnS (top layer cylinder) mul-
tispectral  compatible  infrared  camouflage  device  is
achieved using the finite difference time domain method
and  particle  swarm  optimization  (PSO)  algorithm.  The
Cr/IST film is prepared, and the laser experimental plat-
form is set up to examine the phase change, reversibility,
and patterning of phase change material IST. Simulation
results indicate that the top ZnS layer only influences the
near-infrared  band,  leaving  the  mid-wave  infrared  (3–5
μm) and long-wave infrared (8–14 μm) performance un-
affected.  Therefore,  we  use  magnetron  sputtering  and
electron beam evaporation processes to complete the de-
vice  (no  ZnS)  and  test  the  infrared  spectrum  and  in-
frared camouflage (3–5 μm and 8–14 μm) performance.
Both  simulation  and  experiment  results  show  excellent
agreement.  The  cylindrical  structure  is  then  prepared
through  ion  beam  etching  process,  and  the  laser  (1.064
μm, 1.55 μm, and 10.6 μm) stealth performance is tested
and  studied.  Finally,  color  variations  are  achieved  by
modifying the geometric parameters of the top ZnS layer,
without affecting the infrared performance of the device. 

The design criterion of device
Rosaceae  plant  species  hold  significant  importance  due
to  their  multifaceted  values,  including  edible,  ornamen-
tal,  medicinal,  and  ecological  functions.  Their
widespread cultivation across diverse regions is attribut-
ed to their strong ecological adaptability and high orna-
mental  value.  In  this  study,  we  investigate  the  infrared
radiation  characteristics  of  Rosaceae  plants46,  providing
the  reference  for  device  design. Figure 1(a) presents  the

infrared  characteristics  of  various  Rosaceae  plants,  re-
vealing consistent radiation trends across species. Specif-
ically,  these  plants  exhibit  relatively  low  absorptivity  in
the 3–5 µm and 8–14 µm bands, with higher absorptivity
observed in the 3–5 µm range compared to the 8–14 µm
band.  Conversely,  significantly  higher  absorptivity  are
evident in the 2.5–3 µm and 5–8 µm bands. 

PSO algorithm design
Traditional approaches to device design frequently strug-
gle  to  satisfy  multi-objective  optimization  requirement.
To  address  this  limitation,  we  implement  the  particle
swarm optimization (PSO) algorithm for device parame-
ter  optimization.  While  maintaining  consistent  material
composition  for  each  layer,  we  optimize  three  key  pa-
rameters:  the thickness  (h)  of  individual  membrane lay-
er,  and both the radius (R) and thickness (H) of the top
cylindrical  layer.  For  our  optimization  target,  we  focus
on  the  crystalline  state  of  IST  as  the  primary  objective,
with the objective function defined as follows:

FOM=0.2·R1+0.3·(1−R2)+0.2·R3+0.1·(1−R4)+0.2·((1−
R5)+(1−R6))/2

1)  The  reflectivity  characteristics  are  defined  across
multiple wavelength ranges: R1 represents the average re-
flectivity  in  the  3−5  µm  band,  while R2 corresponds  to
the average reflectivity in the 5−8 µm band. Similarly, R3

denotes the average reflectivity across the 8−14 µm band,
and R4 characterizes  the  average  reflectivity  within  the
2.5−3 µm band. For specific laser wavelengths, R5 and R6

represent the reflectivity values at 1.064 µm and 1.55 µm,
respectively.  The  comprehensive  optimization  proce-
dure is graphically presented in Fig. 2.

2) The device is designed with a bottom-to-top config-
uration of Cr/IST/Ge/TiO2/Ge/ZnS. All material param-
eters  are  selected from established material  libraries47−49.
The optimization parameters include the thickness (h) of
each  individual  layer,  along  with  the  radius  (R)  and
thickness (H) of the top cylindrical layer. The thickness-
es of each material layer (h and H) are limited to a maxi-
mum of 800 nm, because exceeding this thickness tends
to  induce  issues  resulting  in  film cracking.  On the  con-
trary, if the film is too thin to form a film, and the prop-
erty  is  not  stable.  So  we  set  the  minimum  membrane
thickness as 50 nm. The radius (R) must not exceed 500
nm, while  the structural  period is  fixed at  1  µm, since a
smaller period will increase the fabrication difficulty.

3)  Considering  the  performance  of  10.6  µm  wave-
length  in  aIST  state,  compare  the  results  from  multiple
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outputs and select the optimal output as the best parameter.
During the optimization process,  we employ the PSO

algorithm combined with FDTD simulation for iterative
optimization.  To  achieve  multispectral  compatible  in-
frared camouflage, FOM function is established. Accord-
ing to Kirchhoff's law of thermal equilibrium, an object's
emissivity  equals  to  its  absorptivity.  As  the  substrate  is
metallic with zero transmittance, the sum of the object's
absorptivity  and reflectivity  equals  1.  Consequently,  low
emissivity  (high  reflectivity)  is  required  in  the  3−5  μm
and 8−14 μm bands for infrared camouflage,  while high
emissivity  (low  reflectivity)  is  needed  in  the  2.5−3  μm
and  5−8  μm  bands  to  enable  heat  dissipation.  High  ab-
sorptivity is also essential for laser stealth at wavelengths
of  1.064  μm,  1.55  μm,  and  10.6  μm.  Visible  camouflage
and  color  variation  are  achieved  by  adjusting  the  geo-
metric parameters of the top structure.

First, the material types for each layer and the top lay-
er model are fixed. The device from bottom to top is ar-
ranged  as:  Cr/IST/Ge/TiO₂/Ge/ZnS  (top  cylinder).  The

top ZnS layer primarily achieves visible camouflage, col-
or  variation,  and  near-infrared  laser  stealth  (1.064  μm
and  1.55  μm).  The  Ge/TiO₂/Ge  forms  an  Metal-Insula-
tor-Metal  (MIM) structure to regulate infrared property
in the 3−14 μm band, enabling low emissivity in the 3−5
μm  and  8−14  μm  bands  and  high  emissivity  in  the  5−8
μm  band.  For  the  2.5−3  μm  band,  the  total  film  thick-
ness matches the wavelength,  with the underlying metal
acting as  a  reflector  to  enhance absorptivity  by multiple
reflections.  In  the  amorphous  state  of  IST,  the  IST  ex-
hibits  dielectric  property,  forming  Fabry-Pérot  reso-
nance to enhance absorptivity at the 10.6 μm.

The algorithm optimizes the thickness of each layer as
well as the radius and thickness of the top cylinder struc-
ture. Each optimization iteration calculates the FOM val-
ue. If the current FOM value exceeds the previous one, it
replaces  the  prior  FOM  value  and  the  updated  FOM  is
output. If the current FOM value is lower, the algorithm
triggers  a  reselection  process.  A  cycle  of  100  iterations
outputs  the  current  optimal  FOM  value.  With  the  total
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number of iterations set to 100, the optimal FOM value is
ultimately outputted as shown in Table 1. 

Device design
We use the finite difference time domain method to sim-
ulate and design the device. The x and y directions are set
as periodic layers, z direction is set as perfect match lay-
er,  with  the  mesh  accuracy  of  5  nm.  The  light  source  is
incident on the surface of the device from the z direction.
According to Kirchhoff's law of thermal equilibrium: un-
der thermal equilibrium conditions, an object's emissivi-
ty is equivalent to its absorptivity. All simulation materi-
al parameters are all from the previous researches47−49. 

Device preparation
The  sample  fabrication  process  integrates  three  ad-
vanced techniques: magnetron sputtering, electron beam
evaporation,  and  ion  beam  etching.  For  the  electron
beam  evaporation  process,  we  sequentially  deposit  Cr,
Ge, TiO2, and ZnS layers under precisely controlled con-

ditions. The deposition is performed at a base pressure of
2 × 10−3 Pa, with respective evaporation rates of 0.5 nm/s
for Cr, 0.5 nm/s for Ge, 0.2 nm/s for TiO₂, and 0.3 nm/s
for ZnS, ensuring uniform film growth and precise thick-
ness  control.  The  IST  process  is  conducted  using  mag-
netron  sputtering  under  optimized  parameters:  the
chamber pressure of 4 × 10−4 Pa, argon flow rate of 40 sc-
cm, and the deposition rate maintained at 0.5 nm/s. Dur-
ing  the  fabrication  process,  no  substrate  baking  is  per-
formed,  and the substrate  temperature remains equal  to
the chamber temperature. The chamber temperatures af-
ter depositing Cr, IST, Ge, TiO₂, and ZnS are 30 °C, 30 °C,
40 °C, 80 °C, and 28 °C, respectively. For the fabrication
of the top ZnS nanostructure, we employ ion beam etch-
ing  with  precise  energy  control.  The  etching  process  is
carried  out  at  the  acceleration  voltage  of  30  kV  and  an
operating current of 80 pA. 

Device characterization
Scanning  Electron  Microscopy  (SEM)  is  employed  to
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Table 1 | Multispectral compatible infrared camouflage device parameters.
 

Layer 1 2 3 4 5 6

Material Cr IST Ge TiO2 Ge ZnS

Thickness (nm) 200 456 403 438 735 R=435 H=571
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characterize  the  surface  morphology  and  structural  fea-
tures.  For  infrared  camouflage  evaluation,  we  utilize  an
infrared  detector  (Guide  Infrared  G615Z)  to  assess  per-
formance in the 3–5 µm band, while an infrared thermal
camera  (Guide  Infrared  PS600)  is  used  for  measure-
ments in the 8–14 µm band. Infrared spectroscopy mea-
surement  is  conducted  using  the  Nicolet  Continuum
Fourier  Transform  Infrared  (FTIR)  micro-area  spec-
trometer,  which  provides  precise  spectral  analysis.  All
optical components for the laser experiment platform are
sourced  from  Lbtek  (mirror:  LPM05-532P-HP,  di-
aphragm: DPP25, filter: CNDFR-50C-6M, beam splitter:
MBS1455-A,  prism:  RAP125-A,  convex  lens:
MCX20312-A, object lens: OPLN20X). 

Results and discussion
The  optimal  parameters  obtained  from  the  PSO  algo-
rithm are used to plot the reflectivity spectra in Fig. 3(a).
In the aIST state,  the average emissivities in the 3–5 µm
and  8–14  µm  are  both  0.28.  For  laser  wavelengths  of
1.064 µm, 1.55 µm and 10.6 µm, the absorptivity are 0.98,
0.92, and 0.94, respectively. In the cIST state, the average
emissivities  in  the  3–5  µm  and  8–14  µm  are  0.25  and
0.14, respectively. For laser wavelengths of 1.064 µm and
1.55  µm,  the  corresponding  absorptivity  are  0.99  and
0.97, respectively. The average absorptivity for the 2.5–3
µm and 5–8 µm bands are 0.6 and 0.64, respectively. Fur-
thermore,  we compare the radiation intensity of  the de-
vice  in  the  two  states  at  room  temperature  with  that  of
blackbody  radiation50,51 (see  Supplementary  information
of Fig. S1).

From the device design , the top ZnS layer mainly reg-
ulates the near-infrared (NIR 1–3 µm), while the follow-
ing MIM structure  controls  both the  mid-wave infrared
(MIR 3–8 µm) and long-wave infrared (LWIR 8–14 µm).
Figure 3(b) and 3(c) reveal  that  the  top  ZnS  layer  has  a
significant  effect  on  the  absorptivity/reflectivity  at  laser
wavelengths of 1.064 μm and 1.55 μm. However, the in-
fluence on the average reflectivity in the 3–5 μm and 5–8
μm bands is minimal, with deviations around 4%, which
has no significant effect on the infrared camouflage per-
formance.  Thus,  the  presence  of  ZnS  primarily  affects
NIR  property  while  leaving  MIR  performance  unaffect-
ed. To delve deeper into the physical mechanism, we ex-
amine  the  electric  fields  at  1.064  µm  and  1.55  µm  for
both  IST  states. Figure 3(d) and 3(e) illustrate  the  elec-
tric  field  distributions  at  1.064  µm  and  1.55  µm  in  the
aIST  state,  respectively.  From  the  electric  field  intensity

distribution, we observe that the electric field strength is
primarily concentrated in the ZnS and the top Ge layer.
The medium-metal surface created by the ZnS/Ge inter-
face  can  excite  plasma  resonance.  Meanwhile,  since  the
substrate  is  metallic,  the  lower  layer  material  forms  a
Fabry-Pérot  (F-P)  cavity,  causing  the  light  to  undergo
multiple  reflections  and thereby enhancing absorptivity.
Similar field localization phenomena are observed in the
cIST  state,  as  shown  in Fig. 3(g) and Fig. 3(h) for  1.064
µm  and  1.55  µm,  respectively.  Unlike  the  amorphous
state,  the  IST  in  the  crystalline  state  exhibits  akin  to
metallic  behavior.  Therefore,  in  the  electric  field  distri-
butions at 1.064 μm and 1.55 μm, the lower layer (Cr and
IST) acts  as  a  metallic  mirror,  while  the light undergoes
multiple  reflections  within  the  Ge/TiO2/Ge  structure,
thereby  enhancing  absorptivity. Figure 3(f) shows  the
10.6  µm  electric  field  in  the  aIST  state,  and  we  observe
that the electric field intensity is mainly concentrated in
the TiO2/Ge/IST layer. This behavior can be attributed to
the unique optical property of Ge, which exhibits a high
extinction coefficient in the visible band but becomes rel-
atively transparent in the infrared band, enabling energy
penetration into the substructure. When the IST is in the
amorphous state, so the lower Ge and the upper and low-
er two dielectric layers form F-P cavity that localizes the
energy  to  the  lower  Ge52−54.  Meanwhile,  we  observe
strong electric field distribution around the ZnS. Howev-
er, the reflectivity spectra in Fig. 3(b) reveal that the pres-
ence or absence of ZnS has no significant impact on the
absorptivity at 10.6 μm. This is because ZnS and Ge form
propagating  plasmonic  resonance  on  the  surface  in  the
MIR and LWIR, which do not affect the device's infrared
performance.  In  these  spectral  bands,  the  infrared  re-
sponse  is  primarily  governed  by  the  internal  resonant
modes  of  the  device.  Further  analysis  of  the  thermal
management  window  mechanism  is  conducted  through
electric  field  examination  at  the  characteristic  wave-
length  of  7.4  µm. Figure 3(i) shows  the  7.4  µm  electric
field  distribution  in  the  cIST  state,  and  we  observe  that
the  electric  field  intensity  is  mainly  concentrated  in  the
Ge/TiO2/Ge layer. The electric field energy is localized in
the TiO2 layer, because the IST is close to metal when it
is in the cIST state.  Next,  the effective impedance of the
device  is  calculated  using  S-parameters  (scattering  pa-
rameters).  Analysis  of  the  S-parameters  reveals  that  the
wavelengths corresponding to the minima in the imagi-
nary  parts  of  the  S-parameters  coincide  with  the  reso-
nance  wavelengths50,51 (see  Supplementary  information
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of Fig. S2).
The current challenges in phase change material appli-

cation  primarily  revolve  around  three  critical  aspects:
phase  change,  reversibility,  and  patterning.  The  phase
change  characteristics  are  the  basis  for  achieving  differ-
ent  functional  conversions  through  external  excitation
sources, while the reversible feature is key to realizing re-
peated conversions of different functions. Patterning is a
process  in  which  phase  change  materials  achieve  an  in-
termediate  state  by  altering  their  crystalline  proportion,
thereby  adjusting  their  emissivity.  To  systematically  in-
vestigate  these  properties  in  IST  phase  change  material,
we  have  developed  a  comprehensive  laser  experimental
platform using a 532 nm laser as the excitation source, as
illustrated  in Fig. 4(a).  Meanwhile,  we  conduct  simula-
tion on the spectral  response of  the thin film to the 532

nm laser, ensuring the 532 nm laser is suitable for phase
change,  reversibility,  and  patterning  experiments  (see
Supplementary  information  of Fig. S3).  Based  on  the
laser experimental design diagram, we construct the spe-
cific  laser  experimental  platform,  as  shown  in Fig. 4(b).
The optical path is divided into two segments, one is the
laser phase change optical path and the other is the white
light  imaging  optical  path.  In  the  laser  phase  change
path,  the  laser  beam  undergoes  sequential  modulation
through  a  series  of  optical  components.  The  light  path
begins  with  laser  emission,  followed  by  reflection
through a mirror,  spatial  filtering through a diaphragm,
spectral purification via a filter, beam splitting, and final-
ly  focusing  through  an  objective  lens  onto  the  sample
surface mounted on a precision displacement stage. The
white  light  imaging  path,  designed  for  real-time
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monitoring  and  characterization,  initiates  with  white
light  emission.  The  light  is  collimated through a  pair  of
convex lenses,  directed through a  beam splitter,  and fo-
cused  through  an  additional  convex  lens  before  being
captured by a CCD detector.  This configuration enables
simultaneous  imaging  and  data  acquisition  through
computer interfacing, allowing for precise observation of
phase change dynamics and pattern formation.

The experimental  procedure begins with the prepara-
tion of a Cr/IST thin film through magnetron sputtering
deposition,  where  the  deposited  IST  naturally  exists  in
the amorphous state. In the initial phase of our investiga-
tion,  we  perform  laser-induced  phase  change  experi-
ment to achieve controlled crystallization of the IST. To
initiate the phase change process, IST must be thermally
elevated  beyond  its  crystallization  threshold  around
292  °C43.  The  laser-induced  phase  change  response  ex-

hibits pulse width dependence with a characteristic dura-
tion of approximately 10 ns47.  The laser system operates
at  a  frequency of  821 Hz with a  driving current  of  3600
mA,  delivering  an  output  optical  power  of  4.2  mW  for
precise phase change modulation. Following the laser ir-
radiation  process,  a  distinct  visual  contrast  emerges  be-
tween  the  irradiated  and  non-irradiated  regions,  as  de-
picted  in Fig. 4(c).  The  phase-changed  region  exhibits  a
characteristic  metallic  luster,  while  the  untreated  area
maintains  its  original  matte  appearance.  This  visible
transformation serves  as  the  first  indicator  of  successful
phase  change.  To quantitatively  verify  the  phase  change
completeness,  we  conduct  infrared  spectral  analysis  on
both  the  amorphous  (aIST)  and  crystalline  (cIST)  re-
gions,  as  presented  in Fig. 4(e).  The  spectral  measure-
ments  reveal  significant  differences:  the  aIST  region
maintains its characteristic infrared absorptivity features,
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while the cIST region demonstrates high reflectivity akin
to metallic behavior. These spectroscopic results provide
conclusive evidence of the successful and complete phase
transformation  from the  amorphous  to  crystalline  state,
confirming  the  effectiveness  of  our  laser-induced  phase
change methodology.

In the subsequent phase of our investigation, we focus
on demonstrating the reversibility of the IST. To achieve
reversibility, the material must be heated above its melt-
ing temperature (~626 °C) and then undergo rapid cool-
ing,  typically  with  cooling  rates  exceeding  109 K/s43.  In
the reversibility  experiment,  a  higher  laser  energy is  ap-
plied  to  melt  the  IST,  followed  by  rapid  cooling  to
achieve  this  transition.  The  reversibility  of  the  laser-in-
duced  response  demonstrates  correlation  with  both  the
pulse bandwidth and cooling time, showing characteris-
tic  timescale  of  approximately  500  ns47.  To  prevent  va-
porization loss during IST melting, protective film is de-
posited on the IST surface.  To facilitate this  process,  we
first  deposit  an  80  nm  SiO2 protective  layer  on  the
Cr/IST  thin  film.  This  SiO2 layer  serves  a  critical  func-
tion in preventing excessive IST vaporization during the
high-temperature  reversibility  process,  as  evidenced  in
Fig. 4(d).  In  terms  of  phase  change,  similar  results  are
achieved with the Cr/IST/SiO2 film, as illustrated in Fig.
4(d). Subsequently, we implement the reversibility exper-
iment in the "1" region (phase-change region), as depict-
ed in Fig. 4(f). For this process, we employ a laser system
integrated  with  an  external  pulse  generator,  configured
with the following parameters: laser operating frequency
of  820 Hz,  operating current  of  6000 mA, pulse genera-
tor frequency of 100 Hz, voltage levels of 5 V (high) and
0  V  (low),  and  a  duty  cycle  of  10%.  Power  meter  mea-
surement  confirm  an  output  optical  power  of  6.3  mW
during the reversibility process. After the reversibility ex-
periment is completed, it is observed that the color of the
"2" region (reversibility region) closely resembles that of
the  non-phase-change  region,  as  shown  in Fig. 4(f).  To
quantitatively  validate  this  reversibility,  we  perform  in-
frared  spectral  analysis  on  both  the  phase-change  ("1")
and  reversibility  ("2")  regions,  as  presented  in Fig. 4(g).
The spectral  data demonstrate  a  complete  transition cy-
cle:  "1"  region  shows  the  characteristic  aIST  to  cIST
transformation, while "2" region exhibits the reverse cIST
to aIST transition. We also note the presence of a charac-
teristic wavelength near 9.6 μm in the "2" region, which is
generated  by  the  SiO2 intrinsic  absorptivity  peak.  The
combined  evidence  from  optical  microscopy  and  in-

frared  spectroscopic  analysis  provides  conclusive  proof
of  successful  phase  change  and  reversibility  in  the  IST
material.

The  final  experiment  focuses  on  demonstrating  the
patterning  capability  of  the  phase  change  material.  Pix-
els  are  the  basic  units  of  patterns,  so  the  fundamental
challenge in achieving patterning lies in achieving pixela-
tion.  We successfully  implement  a  laser-induced micro-
patterning  process  on  the  Cr/aIST  substrate,  as  demon-
strated in Fig. 4(h). The experimental configuration em-
ploys  the  same  laser  parameters  as  those  used  in  the
phase  change  experiment,  coupled  with  a  pulse  genera-
tor matching the reversibility experiment setting (100 Hz
frequency, 5/0 V voltage levels, 10% duty cycle). Through
precise control of single-pulse laser irradiation, we fabri-
cate  a  4×4  pixel  array  with  remarkable  precision  on  the
Cr/aIST  surface.  Microscopic  analysis  reveals  well-de-
fined circular patterns with an average pixel diameter of
4  µm,  demonstrating  sub-wavelength  scale  patterning
resolution.  This  successful  implementation of  high-den-
sity  micro-patterning serves  as  concrete  evidence of  our
laser  platform's  comprehensive  capability  in  achieving
three  critical  functions:  controlled  phase  change,  re-
versible  switching,  and  precision  microstructuring.  The
experimental results collectively validate the system's ca-
pacity to complete the full cycle of phase change materi-
al  manipulation-from  initial  state  modification  through
reversible transformation to final pattern realization.

After completing the phase change experiment, we use
electron beam evaporation to prepare the thin film. Fig-
ure 5(a) illustrates the morphology of the multilayer film
as  characterized  by  Scanning  Electron  Microscopy
(SEM). The SEM image clearly reveals the superior quali-
ty of the film. There is a noticeable boundary in the IST
film layer,  which is due to the first  deposition being too
thin and the second deposition being applied. During in-
frared spectroscopy measurement, we use the Ag film as
the reference sample, since the reflectivity can reach 99%.
Figure 5(b) and 5(c) present  a  comparison  between  the
experiment and simulation results for the aIST and cIST
states,  respectively.  We  can  observe  that  the  aIST  and
cIST simulation and experiment results match well.  The
experiment results show that in the aIST state, the emis-
sivities  for  the  3–5  µm  and  8–14  µm  are  0.38  and  0.29,
respectively. The 10.6 µm wavelength absorptivity is 0.88.
On the other hand, in the cIST state, the emissivities for
the 3–5 µm and 8–14 µm are 0.36 and 0.08, respectively.
The  emissivities  for  the  5–8  µm  and  2.5–3  µm  are  0.55
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and  0.62,  respectively.  These  results  clearly  indicate  the
significant differences in thermal radiative properties be-
tween  the  amorphous  and  crystalline  states  of  the  IST
material.

There  are  minor  errors  between  the  experiments  and
simulations,  the  main  consideration  is  the  error  of  the
material parameters and thickness. From the perspective
of  material  parameter  error,  the  optical  parameters  of
materials  used  in  the  simulation  (such  as  refractive  in-
dex,  extinction coefficient)  are  obtained from the litera-
ture,  but the thin films prepared in the experiment may
deviate from the theoretical values due to purity and mi-
croscopic  defects.  From  the  thickness  error,  there  is  a
5%–10%  manufacturing  error  between  the  thickness  of
the experimentally fabricated film and the theoretical de-
sign, which also causes the deviation between the experi-
mental results and the simulation results.

Based on infrared spectroscopy data, there are signifi-
cant  differences  between  aIST  and  cIST.  In  the  aIST
state,  the sample achieves simulated plant infrared cam-
ouflage in both 3–5 μm and 8–14 μm bands. In the cIST
state, the sample attains simulated plant infrared camou-
flage  in  the  3–5  μm  band  and  ultra-low  emissivity  in-
frared camouflage in the 8–14 μm band, while maintain-
ing 2.5–3 μm and 5–8 μm bands as heat dissipation win-
dow bands. In the amorphous state, the sample achieves
laser stealth at 10.6 μm. The laser stealth mechanism pri-
marily involves absorbing energy at the laser wavelength,
while simultaneously utilizing this energy as a source for
the transition from aIST to cIST. We now proceed to fur-
ther  test  the  sample's  infrared  camouflage  performance
in the 3–5 μm and 8–14 μm bands.

To assess the effectiveness of  infrared camouflage,  we
conduct tests in the 3–5 µm and 8–14 µm infrared spec-

tra.  As illustrated in Fig. 6(a),  the leaves of the Rosaceae
plant, Pyracantha fortuneana (Maxim.) Li, are chosen as
the  test  samples,  with  fresh  leaves  used  for  each  experi-
ment. For comparison, Fig. 6(b) shows the selected con-
trol materials: Si wafer, C powder sheet, and Ag film. Fig-
ure 6(c) and 6(d) show the 3–5 µm infrared camouflage
effect in the aIST and cIST states, respectively. As shown
in Fig. 6(c),  the  top  left  corner  and  the  top  right  corner
represent C powder and Ag film, while the lower left cor-
ner  and  the  lower  right  corner  represent  aIST  sample
and  cIST  sample,  respectively. Figure 6(d) presents  the
same  comparison  from  top  to  bottom:  the  C  powder
sheet,  Ag  film,  aIST  sample,  and  cIST  sample.  From
these  figures,  it  is  evident  that  the  C  powder  sheet  ex-
hibits  high  emissivity,  while  the  Ag  film  exhibits  low
emissivity.  As shown in Fig. 6(d),  the emissivity is  com-
pared  between  the  leaf  and  the  four  samples.  We  find
that the emissivity of the aIST sample and the cIST sam-
ple is  close to that of  the leaf,  so the colors they present
are  also  similar.  This  indicates  that  the  aIST  and  cIST
samples achieve infrared camouflage effect similar to that
of the leaf in the 3–5 µm spectrum.

Figure 6(e) and 6(f) illustrate  the infrared camouflage
performance  in  the  8–14  µm  range  for  aIST  and  cIST
states,  respectively.  As  shown  in Fig. 6(e),  the  top  left
corner and right corner depict the Si wafer and Ag film,
respectively.  The  lower  left  corner  and  the  lower  right
corner  display  the  aIST  and  cIST  samples,  respectively.
Similarly, Fig. 6(f) presents  the  Si  wafer,  Ag  film,  and
cIST  sample  from  top  to  bottom,  with  the  aIST  sample
positioned between the leaf  and the three samples.  Data
from Fig. 6(e) reveal that the surface emissivity tempera-
tures  of  the  Si  wafer,  Ag  film,  aIST  sample,  and  cIST
sample  are  32.9  °C,  24.5  °C,  27.2  °C,  and  24.8  °C,
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respectively.  The  data  from Fig. 6(f) show  that  the  sur-
face  emissivity  temperature  of  Si  wafer,  Ag  film,  aIST
sample and cIST sample are 33.3 °C, 25.4 °C, 26.8 °C and
25.5 °C, respectively. The surface emissivity temperature
of  the  leaf  is  26.5  °C.  Based  on  the  infrared  camouflage
performance  result  within  the  8–14  μm,  it  is  observed
that  the  temperature  difference  (ΔT)  between  the  aIST
surface and the leaf surface range from 0.3 °C to 0.7 °C,
while the ΔT between the cIST surface and the Ag film is
confined  to  0.1  °C  to  0.3  °C.  The  experiment  are  con-
ducted  in  the  ventilated  environment.  Due  to  the  ther-
mal management capability of the cIST sample,  its  tem-
perature  profile  aligns  more  closely  with  that  of  the  Ag
film  compared  with  the  aIST  sample.  These  results
demonstrate  dual  camouflage  functionality:  the  aIST
state achieves effective infrared camouflage of  biological
specimens  in  the  8–14 µm band,  whereas  the  cIST state
enables infrared camouflage through emissivity suppres-
sion  matching  metallic  coating.  This  bidirectional  tun-
ability  suggests  promising applications in adaptive cam-
ouflage  systems  requiring  dynamic  switching  between
natural  environment  blending  and  artificial  surface
concealment.

In order to verify  the laser  stealth function of  the de-
vice, we use ion beam etching technology on the sample.
First, based on the membrane system structure in Fig. 5,
we continue to deposit  ZnS thin film.  It  is  important  to
note that  ZnS material  is  not  conductive.  Consequently,

prior  to  the  ion  beam  etching  experiment,  it  is  impera-
tive  to  apply  a  conductive  adhesive  on  the  sample  sur-
face via spin-coating. The selected conductive adhesive is
an organic compound enriched with chromium ions and
exhibits  high  solubility  in  water.  As  illustrated  in Fig.
7(a),  the sample is  securely mounted using this conduc-
tive  adhesive,  ensuring  effective  electrical  conductivity
on both upper and lower surfaces through bilateral fixa-
tion.  Post-experiment,  residual  conductive  adhesive  is
thoroughly removed using distilled water. Figure 7(b) il-
lustrates  the  top  view of  the  SEM,  whereas Fig. 7(c) de-
picts the side view of the SEM, inclined at an angle of 52°
to the horizontal. We measure the cylindrical radius and
thickness  and  find  that  the  experiment  is  very  close  to
the  simulation.  Next,  we  measure  the  NIR  to  LWIR  re-
flectivity  spectrum,  as  shown  in Fig. 7(d).  The  infrared
spectroscopy  data  demonstrates  the  absorptivity  of  0.99
and  0.92  at  1.064  µm  and  1.55  µm,  respectively,  in  the
aIST  state,  and  the  absorptivity  of  0.96  and  0.74  at  the
same  wavelengths  in  the  cIST  state.  Meanwhile,  we  ob-
serve  that  the  absorptivity  at  the  10.6  µm  laser  wave-
length remains at 0.88 in the aIST state. It is noteworthy
that the MIR infrared and LWIR infrared spectra closely
resemble the infrared spectra depicted in Fig. 5, which al-
so  indicates  that  the  top  ZnS  layer  primarily  influences
the NIR band.

To  characterize  the  laser  stealth  performance,  the
point cloud data obtained from 1.55 µm laser is  used to
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simulate  laser  stealth.  As  shown  in Fig. 7(e),  the  laser
three-dimensional point cloud data provides a forest im-
age,  where  the  elliptical  region is  simulated  laser  stealth
region.  Blue,  yellow,  and  red  represent  the  vertical  dis-
tance of the object from the laser detector plane. Blue in-
dicates closer proximity to the laser detector plane, while
red indicates  greater  distance from the plane.  As shown
in Fig. 7(f), the elliptical area is covered with metamateri-
al  structure,  and  the  color  presented  is  consistent  with
the background. The covering area absorbs the laser sig-
nal,  resulting in no echo signal.  Consequently,  it  will  be
classified  as  invalid  point  cloud  data,  thereby  achieving
laser stealth.

In  the  field  of  visible  light  camouflage,  the  primary
goal  is  to  either  obtain  high  absorptivity  or  high  trans-
parency in the visible light band, or to match the color of
the  surrounding  environment.  In  the  visible  spectrum,
we  not  only  achieve  visible  light  camouflage  through

high absorptivity but also realize color changes by vary-
ing the structure parameters. The phase change material
IST is a typical infrared material that behaves as a high-
loss dielectric in the amorphous state and as a metal-like
material  in  the  crystalline  state.  However,  in  the  visible
band, the difference between the optical parameters of its
amorphous  and  crystalline  states  is  negligible,  resulting
in  insufficient  color  contrast41.  Therefore,  we  modulate
the  top  ZnS  structure  parameters  to  achieve  the  color
changes.  Initially,  we  alter  the  radius  parameters  of  the
ZnS  cylinder,  modifying  the  radii  from  285  nm  to  485
nm  in  5  nm  increments. Figure 8(a) depicts  the  visible
spectra associated with these varying radii; numbers 1–5
represent  radii  of  285  nm  to  485  nm,  respectively.  The
absorptivity  does  not  change  significantly  and  remains
around  0.8.  The  chromaticity  coordinates  of  the  num-
bers  1–5  are  calculated  based  on  the  visible  reflection
spectra.  These  coordinates  are  as  follows:  (0.32,  0.33),
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(0.3,  0.28),  (0.3,  0.31),  (0.32,  0.32),  and  (0.31,  0.33),  as
shown in Fig. 8(b). If the radius parameters are changed,
there  is  a  significant  effect  on  the  infrared  property,
which is something we do not want to see. Therefore, we
investigate  the  infrared  spectra  when  changing  the  ra-
dius  parameters.  As  illustrated  in Fig. 8(e) and 8(f),  we
observe  that  changing  the  radius  parameters  do  not  af-
fect the infrared property.

In a similar endeavor to achieve color change,  we ex-
periment with varying the thickness of the ZnS cylinder.
We  change  the  height  parameters  of  the  ZnS  cylinder,
varying the heights from 285 nm to 485 nm with the step
size  of  5.  The  absorptivity  does  not  change  significantly
and also remains  around 0.8,  as  shown in Fig. 8(c).  The
chromaticity  coordinates  of  the  numbers  1–5  are  calcu-
lated based on the visible reflection spectra. These coor-
dinates  are  as  follows:  (0.34,  0.29),  (0.3,  0.34),  (0.32,
0.33), (0.31, 0.29), and (0.32, 0.32), as shown in Fig. 8(d).
Similarly, we investigate the infrared spectra when vary-
ing  the  thickness  parameters.  As  illustrated  in Fig. 8(g)
and 8(h), we observe that varying the thickness parame-
ters,  there  is  no  effect  on  the  infrared  property.  To  fur-
ther  analyze  the  applicability  of  the  device,  we  perform

analysis under different incident and polarization angles
(see  Supplementary  information  of Fig.  S4).  The  device
demonstrates  superior  performance  under  varying  inci-
dent and polarization angles.

Table 2 shows a comparison of this work with the lat-
est research results.  We find that this work can be com-
patible with more functions and with the tunable perfor-
mance. The research results show that in the visible light
band,  color  camouflage can be achieved.  In the infrared
band, simulated plant camouflage and ultra-low emissiv-
ity camouflage can be realized. For laser stealth, high ab-
sorptivity  at  laser  wavelengths  of  1.06  µm,  1.55  µm  and
10.6 µm can be achieved. Considering the structure heat
dissipation requirement, the heat dissipation is managed
at non-atmospheric window. 

Conclusions
In  summary,  we  successfully  develop  a  comprehensive
approach utilizing phase-change material IST to achieve
a unified process integrating phase transition, reversibili-
ty,  and  patterning  capabilities.  Based  on  this,  we  design
and fabricate a multispectral compatible infrared camou-
flage  system  based  on  IST.  Our  experimental  results
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demonstrate  successful  phase  transition  from  aIST  to
cIST  using  the  laser  platform,  with  verification  through
infrared  spectroscopy.  The  reversible  transition  from
cIST  back  to  aIST  is  also  accomplished  using  the  same
platform,  confirmed  by  spectroscopic  analysis.  Further-
more, we achieve precise patterning through the fabrica-
tion  of  a  4  ×  4  pixel  dot  array  using  the  laser  platform.
Multispectral  compatible  infrared  camouflage  simula-
tion shows that the presence of ZnS in the top layer only
affects the NIR and has almost no effect on the MIR and
LWIR.  Further  we  use  magnetron  sputtering  and  elec-
tron  beam  evaporation  processes  to  complete  the  film
system  structure  (no  ZnS)  and  measure  the  infrared
camouflage effect.  The experiment results  show that  the
structure  can  realize  infrared  camouflage  that  simulates
the  plant  (3–5  µm and  8–14  µm)  in  the  aIST  state.  The
structure  can  realize  infrared  camouflage  that  simulates
the  plant  (3–5  µm)  and  ultra-low  emissivity  (8–14  µm)
infrared  camouflage  in  the  cIST  state.  Next,  we  use  the
ion beam etching process to complete the fabrication of
the  top  ZnS  structure.  The  experiment  results  indicate
that in the aIST state, the structure achieves high absorp-
tivity at three laser wavelengths: 1.064 µm, 1.55 µm, and
10.6 µm. In the cIST state, the structure achieves high ab-
sorptivity  at  two  laser  wavelengths,  1.064  µm  and  1.55
µm. Finally, we achieve the color change by changing the
geometrical  parameters  of  the  top  ZnS  structure.  The
color  change  is  achieved  without  affecting  the  infrared
property  of  the  structure.  Consequently,  our  research
successfully achieves the integration of phase change ma-
terial  IST  with  phase  change,  reversibility,  and  pattern-

ing  processes.  This  opens  up  opportunity  for  reconfig-
urable  imaging,  reversible  switching,  and  dynamic  en-
coding  of  phase  change  material  IST.  Based  on  phase
change  material  IST,  the  realization  of  tunable  multi-
spectral  compatible  infrared  camouflage  presents  an  ef-
fective  countermeasure  against  multispectral  detection
technology.
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