7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Tri-spectral decoupled programmable thermal
emitter for multimode camouflage with
heterogeneous phase-change integrationt

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 13708

ab< Shikui Dong,®® Jiameng Song,®® Yanming Guo, (22

*30 and Guangwei Hu (2 *<9

Sihong Zhou,
Yong Shuai

Camouflage technology requires tailoring of the optical characteristics of objects against possible detec-
tion. Currently, there are three essential spectra, namely, 0.36-0.83 um, 3-5 pm, and 8-14 um, corres-
ponding to the commonly used visible camera and thermal detectors. Thus, to fulfil the mentioned
requirement, herein, we present the efficient design and optimization of a tri-spectral decoupled thermal
emitter using a heterogeneous integrated phase-change material (PCM) multilayer composed of
vanadium dioxide (VO;) and InzSbTe, (IST). This thermal emitter could theoretically feature both structural
colors across the visible range and independently programmable emissivity modulation with up to 80%
absolute tuning in two infrared detection regions. Additionally, two methods for achieving confusing and
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deceptive colored thermal camouflage are proposed based on this thermal emitter, enhancing camoufl-
age disorientation capabilities and enabling the generation of deceptive infrared images that mimic other
objects. Thus, this work offers a near-perfect solution with flexible designs for camouflage in complex
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1. Introduction

Visible (VIS) and infrared (IR) scattering fingerprints are
crucial for detection systems to identify targets, while camou-
flage aims to disable or confuse these detectors. Many animals
can adjust their VIS properties to blend with their
surroundings,? inspiring researchers to engineer IR spectral
characteristics for thermal camouflage that mimic dynamic
environmental conditions. Recently, advancements have been
made in tailoring optical characteristics using multilayer
photonic crystals,>® porous nanostructures,”® and bionic
designs.”® However, conventional passive materials cannot
dynamically regulate their thermal radiation properties owing
to their static electronic density of states, limiting their capa-
bility to adapt to complex and changing environments.’ ™"
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Active materials, such as the phase change material VO,,
enable thermal camouflage devices to control their thermal
radiation characteristics. However, current VO,-integrated
thermal camouflage devices often require specialized metal
microstructures for selective spectral control,"”>™* limiting
their large-scale production. Additionally, emissivity gradient
control by VO, through temperature changes can only be
achieved within the temperature range near the phase tran-
sition temperature, and the non-volatile phase change process
demands continuous energy supply, making these devices
unsuitable for targets with wide temperature ranges.
Furthermore, current active thermal emitters based on phase-
change materials, such as VO,,"'® Ge,Sb,Te;,'"'®* and
IST,"**° have demonstrated potential for single- or dual-band
emissivity modulation, but fully decoupled multispectral
tunable thermal camouflage should be prioritized for its
superior adaptability to natural environments. For example, in
forests, leaves change color from spring to autumn, and their
emissivity in the range of 3-5 um decreases as their water
content diminishes, while their emissivity in the range of
8-14 pm remains relatively stable.*>** Fig. 1a and b illustrate a
vivid schematic, where an ideal gray body model is adopted,
and the apparent temperature is calculated using eqn (1).
Considering solar and environmental radiation, the thermal
radiation characteristics of low-temperature objects are primar-
ily influenced by emissivity in the range of 3-5 um, with
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minimal changes in the range of 8-14 um. Therefore, maximiz-
ing emissivity control in the 3-5 pm band can alter the
thermal radiation characteristics of camouflaged objects,
potentially confusing or misleading IR detectors, while ensur-
ing that the thermal radiation characteristics in the 8-14 pm
band remain consistent with the environment. Conversely, in
the case of medium-temperature objects at around 70 °C,
emissivity control mainly affects the range of 8-14 pm, necessi-
tating a focus on different spectral ranges than that for low-
temperature objects. In the case of high-temperature objects,
the trend of thermal radiation characteristics in both the 3-5
and 8-14 um bands is similar with emissivity changes.
Achieving opposite changes in thermal radiation character-
istics across these two bands can enhance the camouflage
effect. Consequently, the associated thermal camouflage natu-
rally demands tri-spectral independent manipulations.
However, achieving decoupled tri-spectral emissivity within
simple-structured materials remains challenging due to vari-
ations in the spectral properties and thermal stability of
phase-change materials.>

The main challenges are decoupling modulation and maxi-
mizing the modulation depth in the thermal radiation of the
target. One approach to overcome these issues is the inte-
gration of heterogeneous PCMs. Nevertheless, this may result
in competition between the performance of different
inclusions because of their unique phase-transition tempera-
tures and spectral properties. Additionally, current thermal
camouflage techniques that rely solely on emissivity modu-
lation are impractical,***® particularly in the case of signifi-
cant temperature differences. Fig. 1b illustrates the range of T;
achievable solely through emissivity modulation for an ideal
gray body model, which can only fluctuate between the
ambient apparent temperature (¢(4) = 0) and the blackbody
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temperature (¢(4) = 1). This limitation makes it difficult to sub-
stantially alter T, for low-temperature targets using emissivity
modulation alone. Alternatively, active modulation combining
temperature and emissivity modulation offers enhanced flexi-
bility for thermal camouflage, providing disorientation capa-
bilities.”® Thus far, compatible control techniques to manage
temperature and emissivity in a tri-spectrum remain a key
challenge.

Herein, we propose a tri-spectral decoupled heterogeneous
phase-change integrated multilayer thermal emitter and a
multi-mode camouflage approach. This heterogeneous phase-
change integration emitter enables both programmable
thermal camouflage for fixed-temperature targets and active
deceptive programmable thermal camouflage by jointly modu-
lating temperature and emissivity. The non-volatile PCM IST
allows emissivity modulation through localized phase changes
without additional energy supplement. After a phase change,
IST exhibits metallic characteristics across the entire IR spec-
trum."® Also, inducing a local phase change in non-volatile
phase-change materials by a large-area laser was mentioned in
ref. 27 and 28, which provides the possibility for the prepa-
ration of large-area non-lithography devices. The volatile PCM
VO, with a low phase change temperature allows temperature-
dependent modulation. Because the durability of their phase
change behavior over multiple cycles has been
demonstrated,">?° integrating IST with VO, offers great flexi-
bility and enables both confusing programmable camouflage
for fixed-temperature targets and active deceptive programma-
ble camouflage by modulating both temperature and emissiv-
ity. Optimized with a physics-guided intelligent algorithm, our
structure could produce 65.5% VIS colors of the sRGB color
gamut and over 80% independently dynamic emissivity modu-
lation in the range of 3-5 pm and 8-14 um by controlling the
phase change in the VO, or IST material. In the case of con-
stant-temperature objects, the local phase change in IST gener-
ates a confusing programmable camouflage pattern, effectively
disrupting detection in both IR spectral bands. In contrast,
active deceptive thermal camouflage can produce customized
thermal radiation signatures by simultaneously adjusting the
temperature and emissivity, where the maximum apparent
temperature modulation depth is 105 °C, enabling the target
to replicate the thermal characteristics of other objects and
transmit deceptive infrared signals.

2. Results and discussion
2.1 General decoupled multispectral modulation principle

Firstly, we briefly discuss the basic principles of multi-spectral
decoupling camouflage, including the characterization of VIS
color and calculation of IR thermal radiation. VIS color is
related to the VIS reflectance of opaque objects, and the CIE
1931 standard xy chrominance diagram is the common
method for quantifying VIS color (ESI S1t). In the case of IR
camouflage, the apparent temperature, 7Ty, is an important
thermal radiation characteristic of the target with object temp-
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Fig. 1 Schematic of the decoupled camouflage principle and ideal spectral characteristics. (a) Potential applications of multi-band decoupled
thermal camouflage for low-temperature and mid-temperature targets. The blue arrow represents the reflection of thermal radiation projected to
the surface of the thermal camouflage device by the ambient environment, including the thermal radiation of the surrounding environment and
solar radiation, and the red arrow represents the thermal self-emission of the thermal camouflage device. (b) Apparent temperature, T,, as a function
of emissivity, ¢, and the object temperature, Ty, is in the range of 3—-5 ym and 8-14 um. Here, we assume the device is a gray body, and the blue
dash line is the apparent temperature of the ambient environment radiation when the target’s emissivity is 0 according to eqn (1), and the red and
blue dash dot lines are the emissivity modulation trends with increasing average emissivity for the corresponding spectral region. (c) Schematic of
the heterogeneous phase-change material integrated thermal emitter. The green region and red region indicate the local phase-change process of
IST via laser stimulation. The blue region and light orange region represent the uniform phase transition of VO, from sVO, to mVO, upon heating,
and r; denotes the reflectance coefficient from the ith layer into the jth layer and the numbers on the left indicate the serial number of each layer.
(d) D65 light source power density and the ideal decoupled IR emissivity the range of 3—-5 pm and 8-14 ym, where the dash lines are CIE matching
functions. The light blue lines represent atmospheric transmittance, indicating that 3—-5 and 8-14 pm are the commonly used atmospheric windows
for infrared detection with high infrared transmittance.

Ioun is the spectral solar radiation calculated by MODTRAN,>°
and the detailed setting parameters are shown in ESI S2.} It is
worth noting that the variation in T; is influenced not only by

erature T,pj, which is obtained by referring to the standard
blackbody radiation, as follows:

Anax 2he? egetector (A) = Aanax 2zhc?e(A) the emissivity of the target, £(4), but also by the balance

s hc I P hc between the self-emitted thermal radiation, which depends on
min A7 | exp -1 7l expl ——— | — 1 . . .

kgAT; kAT obj its temperature, and the environment and solar radiation.

When the target has low temperature, the self-radiation inten-

2mhc? A ity is 1 than the direct sol diation in th f

L= () Thc® amb (A) L | sity is lower than the direct solar radiation in the range o

hc
» (ex (7) - 1)
P kBﬁTamb

where % is the Planck constant, ¢ is the speed of light in
vacuum, 4 is the wavelength, kg is the Boltzmann constant, &(4)
is the spectral emissivity of the target, eamp(4) and eqetector(4)
are the ambient and the detector calibrated emissivity, respect-
ively, which are both assumed to be 0.95 in this work. Besides,

(1)

13710 | Nanoscale, 2025,17,13708-13719

3-5 pm. Therefore, in the radiation signal received by the
detector, solar radiation occupies the main position, and the
device with a higher emissivity will reflect lower solar radi-
ation, and thus the infrared image displayed by the detector
will be shown as a lower signal intensity. On the contrary,
when the object temperature is sufficiently high, the self-radi-
ation intensity is much higher than the direct solar radiation.
Thus, the higher the emissivity of the object, the stronger the
overall radiation signal. Many studies also considered the

This journal is © The Royal Society of Chemistry 2025
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impact of atmospheric transmittance,*’**> which is typically
related to the distance between the detector and the camou-
flaged object. In thermal radiation image measurements in
the laboratory, the atmospheric transmittance is nearly 1 due
to the proximity. However, at greater distances, the absorption
peaks of various gases in the infrared spectrum become sig-
nificant, and the thermal radiation captured by the detector
will be slightly lower than that emitted by the camouflaged
object. We used MODTRAN to calculate the atmospheric trans-
mittance at different distances, which can be seen in ESI S2.t
In this work, we assumed the measurement is conducted
under laboratory conditions and approximately ignored the
impact of atmospheric transmittance.

Fabry-Pérot (F-P) resonance-based emitters have been
widely adopted to enhance the emissivity in one or two IR
detection regions.”>** A five-layer heterogeneously integrated
emitter with IST (red layer) and VO, (light orange layer) was uti-
lized, as shown in Fig. 1c. Given that IST and VO, have different
phase-change properties, different phase-change processes can
be realized at different temperatures and using different
methods. IST exhibits a high phase-change temperature
(>250 °C) and non-volatile phase-change properties. As a result,
the gradually induced local phase change modulated by a laser,
without requiring continuous energy input, can avoid inter-
ference from VO,. The phase transition in VO, is homogeneous
and volatile, beginning uniformly and gradually at around
68 °C. Consequently, the VO, phase transition can be controlled
by maintaining a lower temperature, ensuring that it does not
exceed the phase-change temperature of IST. When amorphous
IST (aIST) varies to crystal IST (cIST) or semiconducting VO,
(sVO,) varies to metallic VO, (mVO,), it creates two resonance
nanocavities, causing multiple reflections of the incident light.
Given that the reflectance phase shifts depend on the permittiv-
ity on both sides of the cavity, the significant difference in the
permittivity after the phase change (ESI S3f) and structure
optimization can help excite F-P resonance in various IR wave-
length bands with different PCMs. Fig. 1c illustrates a schematic
of the multilayer tri-spectral decoupling thermal emitter, where
based on the above-mentioned differences in phase-change
characteristics, IST and VO, are utilized for 3-5 pm and
8-14 pm emissivity modulation in Fig. 1d, respectively.

2.2 Structure design and optimization for infrared decoupled
modulation

To realize the decoupled modulation of thermal radiation in the
IR dual detection bands, as shown in Fig. 1d, we optimized the
heterogeneous integration structure shown in Fig. 1c with the
GPU transmission matrix method and genetic algorithm
(GPU-TMM-GA) method.**>® The optimized variables are the
thickness of each layer and the material of the IR lossless dielec-
tric layer. Also, the associated fitness value Figopea can be
expressed as follows:

_ €S zas | _ |zes _ zas _ |zam _ zas _ |zam _ zas
FadOPted—maX(|83—5 83—5{ |€8—14 38—14| }68—14 88—14} |33—5 53—5)
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A T
& (exp (7]6}3/“—') —1>
2mhc? di

-Amax
Lmin hce
(5

where ¢ is the average emissivity, whose subscripts and super-
scripts indicate the spectral region and the phase states of
both PCMs, respectively, ‘cs’ means cIST/sVO,, ‘am’ means
alST/mVO,, and ‘as’ means aIST/sVO,. The first two com-
ponents of Faqopea Modulate the emissivity in the range of
3-5 pm through IST, while ensuring stable thermal radiation
in the range of 8-14 pm. In contrast, the latter two com-
ponents regulate the emissivity in the range of 8-14 pm
through VO,, without compromising thermal radiation in the
range of 3-5 pm. Ge and ZnS were utilized as alternative IR
lossless materials, the permittivity of which was obtained from
ref. 37-39. The permittivity of IST and VO, was obtained from
ref. 19, 40 and 41 Because the trend of the temperature-depen-
dent metallization fraction fi,vo, is not the same during the
heating and cooling process,*> the Maxwell-Garnett effect
medium theory was adopted to calculate the permittivity,
which is detailed in ESI S4.1** The Ag substrate is sufficiently
thick to ensure zero transmittance,** and according to
Kirchhoff’s law,** the spectral absorptance a(1) is equal to the
spectral emissivity &(4).

Continuous programmable modulation of emissivity relies
on the temperature-dependent phase-change process of VO,
and controlling the local phase change of IST. Fig. 2a shows in
detail how these two methods are used to decouple and regu-
late the thermal radiation characteristics of the two IR detec-
tion bands. With the optimized thicknesses of h; = 225 nm, A,
=62 nm, &3 = 34 nm, and A, = 467 nm, and using Ge and ZnS
as the top and middle dielectric layers, Fig. 2b illustrates the
excellent average emissivity modulation depth &;_5 of nearly
90% when only aIST fully changes to cIST, and average emis-
sivity modulation depth &;_14 of 76% when sVO, fully tran-
sitions to mVO,. Both excellent emissivity modulation charac-
teristics remained effective at large oblique incident angles, as
shown in Fig. 2c. We verified the reliability of the calculation
results in ESI S5, and this tri-spectral decoupled camouflage
can be scaled up for large-area fabrication by magnetron sput-
tering or electron beam evaporation, as previously described in
ref. 46-48. By independently controlling fvo, and fesr, Fig. 2d
demonstrates the continuous programmable modulation of
polarization-averaged average emissivity calculated by an open-
source rigorous coupled wave analysis method code package,*’
which is verified in ESI S5.1 Programmable continuous modu-
lation of ¢35 can be achieved by adjusting the grating width
L.st through lasers due to the non-volatile phase-change prop-
erty of IST.">® The fill factor, fysr, can be expressed as fugr =
Lest/A. Also, in the phase-change process of VO,, the metalli-
zation fraction, fivo,, can be controlled by temperature regu-

&=

(2b)

(2a)
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Fig. 2 Emissivity modulation for an optimized structure. (a) Spectral emissivity before and after full phase change. h;—h4 are the thickness of each
layer corresponding to Fig. 1c. (b) Polarization-averaged averaged emissivity difference before and after phase change in IST and VO, at different
incident angles. (c) Phase-change mechanism of VO, and method for realizing a local phase change in IST using laser, where T, (68 °C) is the phase-
change temperature of VO,, and there will be hysteresis behavior during the heating and cooling procedure. Here, T4 (250 °C) and T, are the glass
transition temperature and melting temperature of IST, respectively, L st is the width of cIST gratings, and A = 3 um is the periodic width. (d)
Polarization-averaged average emissivity modulation by individually controlling the fill factor, fcst, of frvo,-

lation. However, when T,y is a high temperature above the
phase-change temperature of VO, and below the phase-change
temperature of IST, gradually increasing f.ist, €35 is enhanced,
while &g_14 decreases, which is due to the thickness of the cIST
layer exceeding its skin depth.

The phase shifts shown in Fig. 3a offer further insight into
the decoupled IR emissivity modulation mechanism. Due to
the lossless dielectric property of aIST and sVO,, incident light
is largely reflected by the Ag substrate, resulting in broadband
and high reflectance characteristics. However, when alIST or
sVO, individually change its phase to cIST or mVO,, respect-
ively, the F-P resonance is primarily excited in top resonance
cavity 1. The phase shift results in three states (aIST/sVO,,
cIST/sVO,, and aIST/mVO,), as detailed in ESI S6. Fig. 3b and
c depict the spectral emissivity (1) as a function of thickness

13712 | Nanoscale, 2025, 17,13708-13719

h; and h,. When aIST undergoes a phase change to cIST, the
peak emissivity in the range of 3-5 um linearly red-shifts with
an increase in 7, but remains unaffected by variations in /4,
due to the thicker %, layer exceeding the skin depth of cIST,
confining F-P resonance to the top cavity. Conversely, when
sVO, transitions to mVO,, the F-P resonance remains in top
cavity 1, but given that the 7; of mVO, is smaller than its skin
depth in the range of 8-14 pm, variations in A, (as in #,) affect
the reflectance phase, shifting the resonance peak in the range
of 8-14 um. The decoupled resonance wavelengths with
different thicknesses s, and h, in Fig. 3b and c, respectively,
indicated by grey stars, align closely with the calculated emis-
sivity peaks, confirming our theoretical model.

To demonstrate the effect of the decoupled modulation of
IR emissivity on IR thermal camouflage based on the above-

This journal is © The Royal Society of Chemistry 2025
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mentioned methods, the quantitative apparent temperature,
T, at various T,p; and different phase-change materials states
are depicted in Fig. 4. When T,y is either low (20-40 °C) or
high (100-200 °C), VO, in the heterogeneous phase-change
material integrated thermal camouflage device remains in the
amorphous or crystalline phase, with emissivity control deter-
mined by fusr- Fig. 4a shows the theoretical T; as a function of
Jast and T,y for low-temperature targets in the 3-5 and
8-14 um regions, where we select three T, samples as
examples, as indicated by the lines. Their detailed 7; variations
are shown in the right figure in Fig. 4a. As f.st increases, the
theoretical 7, in the range of 3-5 pm gradually decreases,
while the theoretical 7, in the range of 8-14 pm shows
minimal change. For example, with line 1 (T, = 22.5 °C), as
fasr increases from 0 to 0.8, T, in the range of 3-5 pm
decreases from 69.5 °C to 38.8 °C, achieving a modulation of
up to 30.7 °C. This is because the self-radiation intensity of the
low-temperature camouflaged targets in the range of 3-5 pm is
much lower than that of the ambient and solar radiation
(shown in ESI S21). In contrast, in the 8-14 pm spectral region,
the intrinsic thermal radiation intensity is comparable to the
environment and solar radiation, resulting in minimal change.
In the case of the high-temperature target, as depicted in
Fig. 4b, an increase in fusr results in a gradual increase in
emissivity in the range of 3-5 pm, while concurrently suppres-
sing emissivity in the range of 8-14 pm, as shown in Fig. 2d.

This journal is © The Royal Society of Chemistry 2025

The apparent temperature T in line 3 increases from 123.9 °C
to 171.7 °C in the range of 3-5 pm and decreases from 166.2 °C
to 81.7 °C in the range of 8-14 pm. These results demonstrate
that our heterogeneous phase-change integration camouflage
devices can independently modulate two IR detection bands,
supporting distinct camouflage effects and establishing a basis
for ‘thermal mosaic camouflage’. However, the range of T,
modulation achievable by adjusting the emissivity for targets at
a fixed temperature is limited, especially when the self-emitted
radiation of the target is comparable to the environment and
solar radiation, which limits the tunable range of thermal radi-
ation properties for targets at certain temperatures. For
example, line 3 in Fig. 4a can only achieve 70.0% of the apparent
temperature regulation depth of line 1 in the range of 3-5 um,
and line 1 in Fig. 4b can only achieve 64.2% and 67.9% of the
apparent temperature regulation of line 3 in the range of
3-5 ym and 8-14 pm, respectively, showing a smaller modu-
lation depth compared to other temperature targets.

In contrast, as T,y increases from 40 °C to 100 °C, the
temperature-dependent phase change in VO, creates a syner-
gistic effect between emissivity and temperature, which allows
the emitter to achieve an apparent temperature that can be
tuned from the smallest to the largest within this temperature
range. Fig. 4c illustrates that with IST in an amorphous state,
T; significantly shifts from 35 °C to 90 °C in the range of
8-14 um, achieving a modulation of up to 55 °C. Alternatively,

Nanoscale, 2025,17,13708-13719 | 13713
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Fig. 4 Thermal radiation characteristic modulation of constant temperat

ure target and schematic of passive camouflage modes. (a) Theoretical T,

as a function of fost and Ty, from 20 °C to 40 °C, where the three lines represent three examples at a constant object temperature of 22.5 °C, 30 °C
and 37.5 °C. The right figure represents how T, in the range of 3—-5 um and 8-14 pm changes with fist for the three examples. (b) Theoretical T, as a
function of f.;st and T, from 100 °C to 200 °C above the phase-change temperature of VO,, where the three lines represent examples at a constant
object temperature of 125 °C, 150 °C and 175 °C. The right figure represents how T, in the range of 3—5 pm and 8-14 ym changes with fist for the
three examples. (c) Theoretical T, as a function of average emissivity € and Toy,; from 40 °C to 100 °C when IST is amorphous and the phase state of
VO, is temperature dependent, where the yellow line indicates the variation in the average emissivity during the heating process and the blue line
indicates the variation in the average emissivity during the cooling process.

it remains nearly close to the ambient apparent temperature
(almost 70 °C) in the 3-5 um region. This combination
enables the active and significant modulation of thermal radi-
ation properties across different camouflage cells. It is worth
anticipating that this concept introduces a new approach for
achieving active deceptive IR camouflage by integrating an
emitter with a temperature-controlled device, even allowing
the creation of false IR images that do not naturally exist.

Fadopted_IR = maX(\ééi — & 5| - ’68 14

2.3 VIS and IR decoupled modulation and programmable
camouflage

It is clear that the decoupled IR thermal emissivity modu-
lation mainly relies on the switching of the F-P resonance,
which only imposes the phase shift in the resonance
cavity, meeting the requirements for the resonance to be
excited, but does not impose strict requirements on the

13714 | Nanoscale, 2025, 17, 13708-13719

choice of the material and thickness of the dielectric
layers. ZnS and Ge have huge dielectric function differences
in the VIS band. Fig. 5a directly illustrates a schematic
structure for color customization based on IR dual-
band decoupled modulation, with the two top dielectric
layers increasing the range of color variation. To realize
VIS customization, the fitness value F,gopiea is modified as
follows:

— & 14|+‘€s 14— € 14| _|€3 s_égssl) (3a)

Fadopted_vis = min (\/(x - xaim)2+(y _yaim)z) (3b)

where X,im, and V., are the aim coordinates in the CIE 1931
standard xy chrominance diagram. Fig. 5b shows the range of
colors that can be achieved by judiciously choosing the
material and thickness of each dielectric layer. The structural
color characteristics of the heterogeneous phase-change inte-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Decoupled VIS-IR modulation and schematic of colored passive and deceptive camouflage modes. (a)Schematic of the six-layer structure of
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consistent temperatures or different fill factors, fist, in different cells. (€) Example of active deceptive camouflage and ‘NTU’ VIS images are also com-
posed of the six examples in b, and these IR images are created by controlling the temperature and fist of the different units. The areas enclosed
within curves of different colors represent distinct temperatures and phase states.

gration devices can cover 65.5% of the sRGB color gamut, even adjustments. The stability of the color is ensured by the small
surpassing the gamut range of sSRGB in green and blue colors difference in the VIS permittivity of VO, and IST before and
and enabling a broader and more nuanced range of color after the phase change and their thin thickness. Fig. 5c shows
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the color results of the six examples in Fig. 5b, whose detailed
parameters, optical characteristics and robustness are shown
in ESI S7.71

Using colored heterogeneous integration devices, we
demonstrated programmable thermal camouflage in different
confusing and active deceptive modes. Schematic illustrations
of our defined confusing and deceptive programmable camou-
flage systems are shown in ESI S8.f Given that objects in
complex environments have varying emissivity and tempera-
tures, a mosaic-like camouflage pattern is more effective in
blending with the actual environment.”’ We present an
example of tri-spectral decoupling confusing camouflage by
arranging and combining multiple cells with different emissiv-
ity to construct a 3 x 9 grid image of ‘HIT’. Fig. 5d exhibits the
IR images at low Top; (30 °C) and high Tiy,; (140 °C) in the
range of 3-5 pm and 8-14 pm. At this time, VO, is in the semi-
conductor and metallic state and the thermal radiation is con-
trolled by the phase change states of IST. We set the fill factor,
festy as 1.0 (red color), 0.8 (yellow color), 0.7 (green color), 0.4
(blue color), 0.3 (gray color) and 0.1 (purple color). Given that
each camouflage cell is parallel and lies on the same plane,
the angular coefficient between each plane is 0. Thus, we did
not need to consider the radiative interactions between cells
and could determine the corresponding apparent temperature
distribution based on eqn (1) and the spectral emissivity of
each cell at a specific f.sr. In other words, the apparent temp-
erature of each cell was independently calculated for each
detection band, and arranging them by position resulted in
the images shown in Fig. 5d and e. Due to the decoupled
modulation of emissivity across the two detection bands, the
IR T; images exhibit noticeable differences. In the case of the
low-temperature target shown in the first result in Fig. 5d, we
could strategically configure and arrange camouflage cells
with different f.sr to display the desired “HIT” thermal image
in the range of 3-5 pm. These cells exhibited a customized T;
based on their f.gr. In practical scenarios, we can further
adjust the proportion of each cell to create more complex
camouflage patterns. This allows the depiction of IR images of
other objects within the environment, better enhancing the
adaptation to intricate surroundings. Meanwhile, in the range
of 8-14 pm, the 7, image remains generally similar to the
ambient temperature, demonstrating the capability to blend
into a traditional cold background. Conversely, for the last
high-temperature camouflage result in Fig. 5d, changes in the
fasr cause the emissivity in the two bands to vary in opposite
directions. This allows the camouflage device to create mosaic-
like patterns in both bands, with each band exhibiting oppo-
site apparent temperature trends, thereby potentially confus-
ing detectors. The middle result in Fig. 5d exhibits the IR
images when the temperature of the cell of E.g. 1-6 is 90 °C
(red color), 80 °C (yellow color), 70 °C (green color), 50 °C
(blue color), 40 °C (gray color), and 60 °C (purple color). The
phase transition of VO, within the cell structure primarily
affects the emissivity in the range of 8-14 pm, with minimal
impact on the range of 3-5 um. As a result, the IR image in the
range of 8-14 um can display a mosaic camouflage image of
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‘HIT’, which differs from the environment, while appearing
consistent with the environment in the range of 3-5 pm.

In contrast, the active deceptive programmable camouflage
offers a broader range of control by simultaneously varying the
temperature and emissivity of each unit, enabling customiza-
tion of the IR image of different objects to mislead the detec-
tor. The temperature of each camouflage unit can be adap-
tively regulated using an independent thermoelectric heat
source with PID control. They were spaced appropriately to
minimize thermal conduction effects and ensure stability.’*
The active deceptive camouflage mode enables richer IR
characteristics by combining temperature and emissivity
modulation, creating complex thermal camouflage mosaics
and false IR images in the range of 3-5 pm and 8-14 um. As
an example, we constructed a 4 x 10 grid image of ‘NTU’ by
arranging and combining multiple units of E.g. 1-6. As shown
in Fig. 5e, we divided the camouflage units into low, mid, and
high-temperature zones to create distinct IR characteristics
that mimic the surface of the object and its inside hot spots.
The low-temperature zone employs lower temperatures and a
higher fill factor, f.st, to blend with the environmental back-
ground. In contrast, the mid and high-temperature zones use
higher temperatures and varying fill factor, fus, to exhibit the
desired high thermal radiation characteristics. The specific
temperature and fill factor, fust, of each zone are provided in
the labels. By strategically adjusting the temperature and emis-
sivity of each region, we demonstrate in Fig. 5¢ how the IR
image of the letters ‘NTU’ can be transformed into a false tank
IR signature through this synergistic approach. This tri-spec-
tral decoupled thermal emitter with heterogeneous phase-
change integration provides a viable way to achieve program-
mable thermal camouflage with large variations in different
bands, and two PCMs with different phase change properties
give the ability to achieve two modes of thermal camouflage,
which has not been previously reported.

3. Conclusion

In summary, by integrating VO, and IST with different phase-
change properties, rational structure design, and dielectric
material selection, we proposed a tri-spectral decoupling mul-
tilayer thermal emitter to achieve two confusing and deceptive
colored thermal camouflage methods. Utilizing dual-cavity F-P
resonance, individual control of the phase change in IST or
VO, enabled us to achieve an IR emissivity modulation ampli-
tude of 89.6% in the range of 3-5 pm and 76.1% in the range
of 8-14 pm, respectively, while preserving the low-emission
properties in the other spectral bands. The programmable and
continuous emissivity modulation could be achieved by chan-
ging the fill factor, fust, and temperature. While maintaining
an IR regulation depth above 80%, the emitter integrated with
the heterogeneous phase-change materials could indepen-
dently exhibit a broad VIS color characteristic, covering 65.5%
of the sSRGB gamut. Based on these emissivity modulation
characteristics and the phase-change property of IST and VO,,

This journal is © The Royal Society of Chemistry 2025
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we demonstrated two different modes of thermal camouflage,
enhancing the multiband capability. Through compatible
modulation of temperature and emissivity, we could achieve
spurious IR properties that simulate other objects, and the
apparent temperature modulation depth is 105 °C. Our strat-
egy via heterogeneous phase-change integration provides new
ways to achieve programmable thermal camouflage with
greater degrees of freedom. Future research should be devoted
to practical experimental demonstrations.
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