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ABSTRACT

Here, we have developed a more temperature-tolerant emitter with a gradient emittance, which can enable adaptation to changing environ-
mental conditions. Such a thermal emitter is mainly constructed by multilayered films composed of nitrogen (N)-doped Ge2Sb2Te5 (N-GST)
and an underlying metal film. The proposed device not only possesses special wavelength selectivity in the middle infrared range but can also
dynamically adjust average emissivity (from 0.13 to 0.83) through the degree of crystallization. Besides, N doping can elevate the phase transi-
tion temperature of GST and enhance its thermal resistance, which renders it particularly well-suited for applications in higher temperature
environments than pure GST. This emitter also shows strong adhesion capability and high flexibility against bending, enabling more practical
and widespread situations. By using a multi-layer structure, we combined the more temperature-tolerant and dynamically modulating N-
GST emitter with an optical thin film, successfully achieving dual camouflage for both infrared and visible light. The element doping technol-
ogy and multi-layer stacking approach presented in this research will provide valuable insight for the development of dynamic emissive mate-
rials in multi-spectral camouflage scenarios.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0199932

I. INTRODUCTION

To protect themselves from predators, various creatures in
nature, such as chameleons, squid, cuttlefish, and other animals, pos-
sess the remarkable ability to alter their coloration.1–3 When tracked,
they seamlessly blend into their surroundings. This visual camouflage
greatly improves their survivability and finds application in human
development, including electrochromic materials,4 electromagnetic
communication,5 coating materials,6,7 temperature control,8,9 and vari-
ous other applications.10–12 In the infrared range, similar to color cam-
ouflage in the visible spectrum, this ability is termed “thermal
camouflage.”13,14 All objects at a temperature above absolute zero will
give off a thermal signal, which can be mainly captured and localized
by mid-infrared (MIR) cameras.15,16 However, when the objects them-
selves can align with the background’s radiative temperature, the dif-
ference in their thermal emission intensities evades observation, thus

effectively confronting infrared detection. According to the Stefan–
Boltzmann law, an object’s thermal radiation is determined by its
surface’s infrared emissivity (e) and its surface thermodynamic tem-
perature (T) to the fourth power (P¼ reT4, where r is the Stefan–
Boltzmann constant).17 Adjusting the surface emissivity to match the
thermal radiation energy emitted by the target object with that of the
background becomes a crucial approach to achieving thermal camou-
flage,18–20 thereby integrating it with the environment.

Low emissivity coatings or films are effective in reducing thermal
radiation and are commonly used in situations where the target’s tem-
perature exceeds that of the surroundings. However, traditional broad-
spectrum infrared camouflage, reliant on fixed emissivity, is easily
detectable due to its inability to adjust to varying background tempera-
tures. The dynamic camouflage capability, characterized by the ability
of actual emissivity to adapt to changes in background temperature,
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possesses broader practicality and holds promising prospects for wider
applications. Recent studies have explored various composite materials
for dynamic thermal camouflage, including graphene, ferroelectric
substances, nanoscale metamaterials, phase change materials, etc. For
instance, graphene offers precise active control adjustment, but its high
defect density limits its thermal regulation capability.21–24 Active meta-
surfaces achieve spatiotemporal control of spectral emissivity by opti-
cally modulating carrier concentration, yet their adjustment range
remains limited.25 Similarly, the optical excitation of ZnO nanocrystals
only achieves limited emissivity variation.26 These modulation meth-
ods can only achieve bistable adjustment with a low modulation range,
thus failing to meet the wide modulation range required for continu-
ous adjustability of emissions.

Phase change materials (PCMs) have been extensively studied for
their dynamic emissivity control and broad modulation range. Among
them, sulfur-based Ge2Sb2Te5 (GST) is a typical phase change infrared
stealth material that can alter its internal atomic structure through
stimuli such as heat, lasers, and voltage.27–29 GST exhibits distinct
changes in resistivity and optical properties before and after phase
transition, making it suitable for active control of infrared stealth.30,31

Doping has been used to optimize GST performance, such as substitut-
ing selenium for Te to reduce optical losses and improve the applica-
tion effectiveness of light switches.32 Multielement doping also
contributes to enhancing GST’s thermal stability, making it more suit-
able for higher temperature environments.33–35 Recent research has
shown that GST PCM can achieve thermal camouflage by controlling
the ratio of crystalline and amorphous phases, effectively concealing at
different background temperatures.36 So far, many GST-based emitters
have demonstrated promising application potential in encryption,
camouflage, and related fields.37,38 However, several studies indicate
that GST, due to its relatively fixed and low phase transition tempera-
ture (�150 �C),39,40 struggles to withstand certain higher temperature
devices. Currently, the main methods applied in high-temperature
camouflage scenarios involve using aerogel insulation layers or intro-
ducing porous structures into materials like Mxene and
ceramics.39,41,42 This is because hindering heat transfer results in sig-
nificantly lower surface temperatures of the covering layer than the
actual object temperature, thereby weakening the infrared radiation.
Nonetheless, the adoption of thick aerogel layers is not conducive to
adherence to complex surfaces. Moreover, the role of porous structures
in improving the heat resistance of GST, which varies with tempera-
ture, is limited. Therefore, doping strategies are more advantageous for
GST to match higher temperature stealth scenarios.

To camouflage objects within the recently developed advanced
detectors operating across various wavelength bands, the compatibility
of camouflage across different spectral bands is further explored.43–45

For different camouflage principles in different bands, the device needs
to satisfy the following requirements: (i) Infrared camouflage, espe-
cially in the MIR region of 8–14lm, aims to achieve similar infrared
radiance with the surrounding environment.46–48 (ii) Visible camou-
flage (380–780nm) aims to modify the characteristic reflection for
background matching.49,50 (iii) Microwave camouflage primarily aims
to increase absorbance in the microwave radar band to reduce the
reflected radar signal.51,52 Previously, photonic crystals and metasurfa-
ces were believed to possess multi-band compatible camouflage capa-
bilities.53–59 For instance, layered-designed camouflage devices
achieved multispectral camouflage, while microwave stealth structures

were based on the phase cancellation of microwave scattering.
Camouflage in the visible and infrared bands relied on the silicon–
aluminum layered structure of low emissivity Lambertian surfaces.60

However, their fabrication process is complex and difficult, and the
emissivity characteristics of most designs remain unchanged. Laser-
induced color change based on the GST layer is singular and mainly
used for visible-infrared anti-counterfeiting purpose, failing to match
the visible camouflage needs of diverse natural environments.37

Therefore, it is of great significance to explore the use of films with
active emissivity modulation to achieve multi-band compatible cam-
ouflage and thermal management.

In this study, we prepared a nitrogen-doped GST (N-GST)
layer as an adaptive infrared transmitter for the application of
infrared camouflage, aiming to improve the temperature resis-
tance of GST. Doping modification strategies have been exten-
sively used in PCM to optimize various characteristics, such as
crystallization speed, resistivity, thermal stability, grain size, and
service life. However, the specific infrared camouflage capabilities
of modified GST on objects have not been thoroughly explored.
This work focuses on investigating the actual impact of N doping
on the phase transition temperature and temperature tolerance of
GST and the characterization of N-GST. Compared to other
static infrared stealth coatings, N-GST exhibits dynamic modula-
tion effects. This material is prepared using magnetron sputter-
ing, a simple manufacturing process that allows for large-scale
production without the need for photolithography, offering
design flexibility. Furthermore, N-GST has a broader emissivity
modulation range (0.7), making it superior to GST and most
dynamic radiation devices. The increased phase transition tem-
perature and thermal stability significantly expand the applica-
tion range of N-GST. Through bending experiments with N-GST
attached to a flexible substrate, its suitability for various objects
has been validated, providing feasibility for more practical and
widespread applications. Additionally, combining N-GST with
ZnS to form a multi-layer film structure achieves dual camou-
flage functionality for both the infrared and visible wavelength
regions, offering promising prospects for future multispectral
camouflage solutions.

II. MATERIALS AND METHODS
A. Fabrication of the device

All the silicon and polyimide substrates used are cleaned sequen-
tially by ultrasonic cleaning with acetone, ethanol, and de-ionized
water according to a standard process. As an adhesion layer, Cr metal
layer with a thickness of 20 nm is magnetron sputtered onto the clean
silicon wafer. As a reflector, a 100 nm thick Au film is deposited by
thermal evaporation technique on Cr flim. After that, the N-GST layer
is deposited by radio frequency (RF) sputtering of an alloy target with
an elemental content ratio of 2:2:5 for Ge, Te, and Sb under a mixed
gas atmosphere of argon and nitrogen. The sputtering power is 40W.
The starting and working pressure are set to 5� 10–4 and 0.8 Pa sepa-
rately. As a comparison sample, GST is prepared similarly, but without
the addition of nitrogen. The ZnS layer is fabricated by 30W RF sput-
tering, with the starting pressure of 5� 10–4Pa and working pressure
of 0.5 Pa. Both GST and ZnS are high-grade targets (99.99%). Since the
optical thickness of the gold film is thick enough, the substrate could
be various material systems as required.
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B. Characterization

X-ray diffraction (XRD, Japan SmartLab) with Cu Ka radiation
was used to measure the structural characteristics of thin films within
the range from 20� to 60� and the scanning rate is 0.2�/s. X-ray photo-
electron spectroscopy (XPS, Thermo ESCALAB 250XI) equipped with
monochromatic Al K a (energy 1486.68 eV) was conducted to acquire
the chemical valence and chemical composition of samples. Atomic
force microscopy (AFM, Dimension Icon, Bruker) was applied to
study the surface morphology of films and measure the film thickness.
In addition, Raman spectroscopy (Jobin-Yvon LabRAMHR Evolution
spectrometer) measurement was performed using a 532nm laser in
the frequency range of 50–300 cm–1. THMSE 600 heating/cooling
stage (Linkam Scientific Instruments) was used to realize the tempera-
ture change tests. The transmittance and reflectivity of the films were
recorded using a double-beam UV-vis-NIR spectrophotometer
(PerkinElmer Lambda 950). X-ray spectroscopy (EDS) elemental map-
ping was captured using the STEM mode of JEM Grand ARM300F
with a probe corrector and an EDS detector operated at 300 kV.

C. Optical simulations andmeasurements

The finite-difference time-domain method (FDTD Solutions
v8.13, Lumerical) is used to compute the optical responses of the ther-
mal emitter. The relative permittivity of gold is obtained from Olmon’s
work.61 The relative permittivities of N-GST (2.5–15lm) are obtained
experimentally from the fabricated N-GST films. According to
Kirchhoff’s law of thermal radiation, the absorptivity at different inci-
dent angles are equal to the emissivity at the corresponding observa-
tion angles. The simulated emissivity can be replaced by the simulated
absorptivity, and the observation angles can be replaced by the incident
angles. The infrared images are recorded by an infrared camera (FLIR
E8 XT). The spectral range of the infrared camera is between 7.5 and
13lm. The spectral radiance is measured by a Fourier transform infra-
red spectrometer (FTIR) (Bruker) with a deuterated lanthanum a-
alanine-doped triglycine sulfate (DLaTGS) detector.

III. RESULTS AND DISCUSSION

Figure 1(a) depicts the preparation process of a multilayered
structure with dual-band spectral camouflage, achieved through the
combination of the N-GST/Au thermal emitter and the ZnS mem-
brane layer. The N-GST/Au thermal emitter comprises a 100 nm thick
Au layer and a 540 nm thick N-GST layer. Initially, a 20nm Cr metal
layer was magnetron sputtered onto the substrate as an adhesion layer.
A 100nm thick Au back-reflector was deposited onto the substrate via
thermal evaporation. It is worth noting that this thickness exceeds the
penetration depth of both visible and infrared light for Au material.
Subsequently, the N-GST layer was sputtered onto the Au film in a
high vacuum environment at room temperature. This resulting N-
GST/Au thermal emitter offers adjustable emittance within the infra-
red atmospheric window and demonstrates improved temperature
resistance, thereby enhancing its thermal camouflage performance. In
parallel, the ZnS film, intended for visible camouflage, was also
achieved through magnetron sputtering. As displayed in Fig. 1(b), the
combined structure fulfills the requirements for dual-band camouflage
and exhibits a degree of temperature resistance. In many scenarios,
ambient temperature fluctuations pose challenges in concealing objects
with consistent temperatures using fixed low emissivity coatings. GST
camouflage coatings with the ability to dynamically adjust emissivity

present difficulties for infrared cameras to discern object radiation
from the background. However, the effectiveness of GST is hampered
by its low phase change temperature and limited thermal stability.
This study delves into improving the phase transition temperature by
introducing a small amount of N doping in GST, aiming to enhance
its practicality in achieving an effective infrared stealth effect.

The impact of different N doping concentrations on the resistivity
of GST can be demonstrated through electrical characteristics.
Therefore, we conducted temperature-dependent resistance measure-
ments (R–T) on N-GST thin films with different N concentrations. To
prepare N-GST thin films, high-purity nitrogen gas was introduced
during the magnetron sputtering process. Fixed nitrogen/argon flow
ratios of 0:100, 1:99, 3:97, and 5:95 resulted in nitrogen contents of 0%,
8.6%, 12%, and 14%, respectively, denoted as GST, N1-GST, N3-GST,
and N5-GST. However, higher N concentrations led to the depletion of
Te, causing the film to deviate from the expected GST properties. The
nitrogen content of the films, measured by the EDS method (shown in
Table S1), remained relatively constant before and after the crystalliza-
tion of thin film materials. It was also confirmed by the findings of
Kolobov et al.62 These samples underwent in situ variable-temperature
resistance testing on a vacuum-heated probe table. Figure 2(a) displays
in situ temperature-dependent testing curves during both the heating
and cooling processes for Nx-GST thin films. In the initial stage of the
heating process, the resistance of Nx-GST thin films with different
compositions decreased gradually due to the thermally activated elec-
tron transition mechanism within the chalcogenide phase change
materials. As the temperature approaches the crystallization point, the
film resistance decreases sharply. With an increase in the nitrogen pro-
portion, the R–T curve gradually shifts to the right, suggesting that
within a certain range of nitrogen concentrations, the crystallization
temperature of Nx-GST notably rises with increasing nitrogen doping.
N5-GST demonstrates a crystallization temperature of 210 �C, which is
60 �C higher than that of pure GST,63 making it suitable for thermal
applications at higher temperatures. Subsequently, N5-GST, hereafter
referred to as N-GST for simplicity, is further investigated as a thermal
camouflage device.

Additionally, a variable-temperature Raman scattering test was
conducted to elucidate the evolution mechanism of N-doped GST
films during the phase transition. To prevent laser-induced sample
crystallization, the laser intensity was set to 0.1 mW/mm2. Figure 2(b)
illustrates the Raman spectrum of N-GST at room temperature, pri-
marily displaying two broad peaks at 69.8 and 160.4 cm–1, associated
with GeTe4 tetrahedra and Sb-Te vibrations, respectively. Notably, the
Raman spectra of amorphous films reveal red-shifted positions of these
two broad peaks due to the effect of N doping as compared to pure
GST.65 Upon heating the film to approximately 205 �C, two new
Raman peaks emerge while the intensity of the initial broad peaks
diminishes. Another significant change occurs at 270 �C, with the ini-
tial broad peaks almost disappearing while the newly emerged peaks
intensify. These distinct changes can be attributed to the transforma-
tion of GST from the amorphous phase to the metastable rock salt
(RS) phase and further crystallization into the hexagonal (HEX) phase.
These results align with the findings from the variable-temperature
resistance experiments, demonstrating that N doping inhibits the
phase transformation of GST. To verify the superior heat-resistant
properties of N-GST, constant-temperature resistance failure tests
were separately conducted on both GST and N-GST. The failure time

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 031403 (2024); doi: 10.1063/5.0199932 11, 031403-3

Published under an exclusive license by AIP Publishing

 09 July 2024 22:48:54

pubs.aip.org/aip/are


FIG. 1. (a) The synthesis process of the multi-layer emitter. (b) The concept of camouflage and thermal management for MIR compatibility. The surface of the car is covered
with the designed membrane structure. They are hidden in the visible camera and infrared camera, and integrated into the environment.

FIG. 2. (a) Temperature dependence from the resistance of the amorphous GST films with the same heating rate of 10 �C/min at four kinds of N concentration. (b)
Temperature-dependent Raman spectra of N-GST in the frequency range of 50–300 cm–1. The XPS spectra of (c) Ge 3d, (d) Sb 3d, and (e) Te 3d in N-GST, respectively. (f)
The XRD patterns of the amorphous and the crystalline N-GST films, respectively.
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was defined as the moment when the resistance value of the thin film
material drops to 50% of its initial value at a specific temperature.
As shown in Figs. S2(a) and S2(b), thin film samples underwent
constant-temperature resistance testing at various temperature points
to determine the material’s failure time under different conditions.
The temperature–failure time curves, fitted based on the Arrhenius
equation64 [Fig. S2(c)], indicate that while GST endures roughly 4.5 days
at 100 �C, N-GST can withstand as long as 9.2 years. Therefore, com-
pared with GST, the heat resistance and applicability of N-GST are sig-
nificantly improved in the thermal stealth.

The detailed investigation of the chemical composition and elec-
tronic valence of the N-GST film was carried out using x-ray photo-
electron spectroscopy (XPS). The spectra were uniformly calibrated
based on the C 1s emission at 284.6 eV. Figure 2(c) presents the decon-
volution of the Ge 3d spectrum, revealing three distinct chemical
states: Ge0, Ge–N (Ge3N4), and Ge–Te, with peaks at 30.46, 31.33, and
32.12 eV, respectively. In Fig. 2(d), the Sb 3d orbital shows peaks at
528.93 and 538.32 eV, attributed to the Sb5/2 and Sb3/2, while the peak
at 531.04 eV is associated with the Sb–N bond. As for the Te 3d spectra
in Fig. 2(e), only the peaks of the Te–Te bond at 571.9 and 583.4 eV
are highlighted. The relatively small Ge–N peak detected in compari-
son to the XPS plot of GST (as shown in Fig. S3) is due to the forma-
tion of a minor amount of nitride in GST during the nitrogen doping
process. In Fig. 2(f), the XRD plots compare the amorphous and crys-
talline states of N-GST after annealing at 230 �C. The amorphous state
of GST shows almost no peaks in the XRD, whereas well-defined peaks
at 29.63�, 43.03�, and 54.23� represent the (200), (220), and (222) fac-
ets of crystalline GST (JCPDS54-0484). A weak diffraction peak associ-
ated with nitride was observed at 38.35�.66 It is likely that a small
portion of the doped N is bonded to Ge or Sb, potentially more stably
embedded in the crystal structure at vacant or interstitial sites, contrib-
uting to improved thermal stability. Additionally, the phase change
can be distinguished by alterations in the optical image. As shown in
Fig. S4, spectral transmittance measurements conducted for both
amorphous and crystalline N-GST reveal significant differences in the
transmission spectra between the two states. This is due to the atomic
rearrangement occurring at the phase change temperature, resulting in
alterations in optical properties. The corresponding optical band gaps,
calculated as displayed in Fig. S5, are 0.97 and 0.52 eV, respectively.
This demonstrates an increased bandgap between the amorphous and
crystalline states, contributing to enhanced thermal stability.

To explore the infrared stealth properties of N-GST films, we ini-
tially investigated the dependence of the infrared emissivity of the N-
GST/Au emitter on their internal structure using FDTD simulation
software simulations. The simulated emitter comprises an Au back-
reflector and a certain thickness of N-GST. The thickness of Au is
determined to be 100nm based on its high infrared reflectivity and
cost considerations (Fig. S6). In the simulation, the relative permittivity
of Au, derived from Olmon’s work, positions it as a highly reflective
material in the MIR band, effectively reflecting almost 100% of the
incident wave. While other metals like Al and Ag exhibit similar prop-
erties, their stability falls short compared to Au, making it the more
preferred choice for this application. The relative permittivity of N-
GST (Fig. S7) was determined using spectroscopic ellipsometry (SE).
The measured dielectric constants reveal a near-zero extinction coeffi-
cient in the amorphous phase [N-GST(a)], while the extinction coeffi-
cient of the crystalline phase [N-GST(c)] increases with longer

wavelengths. This difference is due to the change in electronic states
during the rapid crystallization from amorphous GST to the RS
phase.67 The amorphous phase of PCM typically follows the 8-N cova-
lent bonding rule for the coordination numbers, a principle observed
by Kolobov et al.68 and Baker et al.69 The crystal structures of PCM are
based on distorted cubic structures, characterized by a unique electron
configuration known as resonance bonding, a concept introduced by
Pauling.70 Resonance bonding involves atoms with half-filled p-orbi-
tals forming longer range order bonds, leading to increased electron
delocalization and higher electronic polarizability.71,72 The transition
between amorphous and crystalline phases involves a substantial rear-
rangement of nearby neighbors, resulting in a considerable contrast in
optical constants between the two structural phases. This transition
can be attributed to a bonding change, resulting in a significant change
in the optical properties of the material.

Figure 3(a) depicts the emissivity under normal incidence, ana-
lyzed using the finite-difference time-domain (FDTD) method.
According to Kirchhoff’s law of thermal emission, the emissivity of an
object at thermal equilibrium equals its absorptivity. Thus, the emissiv-
ity (e) of an opaque object is defined as e ¼ 1� Ref , where Ref repre-
sents the reflectivity. In the N-GST(a)/Au sample, minimal resistive
loss occurs in the N-GST(a) layer. The observed absorption is primar-
ily due to the resistive losses in the Au layer because the metal film is
not an ideal total reflector. However, in the N-GST(c)/Au sample, fea-
turing a larger extinction coefficient, the higher resistive loss leads to
greater absorption. Both samples display significant contrast in terms
of infrared emissivity. Furthermore, the planar cavity formed by N-
GST on the Au reflective layer resonantly absorbs specific wavelengths,
a crucial factor contributing to high emissivity. The incident light
undergoes multiple reflections at the interface of film–air and film–
mirror, and the interference causes cavity effect, which leads to
enhanced absorption. With a fixed thickness, at a specific wavelength,
multiple reflections of light waves form peak signals, while at other
wavelengths they cancel each other out.73 As the thickness of the film
increases, the interference path length also increases, resulting in an
increased phase shift. This typically causes longer wavelength light to
be selectively amplified, resulting in a redshift phenomenon. This illus-
trates its potential as a wavelength-selective thermal emitter. The emis-
sion spectra, obtained from the infrared reflectance measured by
Fourier transform infrared spectroscopy [Fig. 3(b)], exhibit good
agreement with the simulation results. The slight light scattering comes
from the complex atomic vibration caused by doping. Standard infra-
red cameras, including the one used in this study, can detect infrared
spectra within the 7.5–13lm range. Notably, the peak emissivity of the
540 nm thick N-GST is centered at 10.5lm, aligning closely with the
detection range’s center. This positioning allows for maximum con-
trast in the emitter’s infrared emission intensity between its crystalline
and amorphous states, offering potential for a broad range of camou-
flage temperatures.

The difference in dielectric constant between N-GST(a) and N-
GST(c) is primarily due to their distinct atomic distributions. N-GST
(a) can undergo thermal annealing for different durations to achieve
intermediate states presenting varying degrees of crystallization [N-
GST(i)]. N-GST(i) maintains a specific ratio of N-GST(a) to N-GST
(c), resulting in its emissivity falling between these two states. This brief
annealing process occurred within a small, enclosed cavity heated pre-
cisely to 230 �C in a nitrogen atmosphere. Figure 3(c) demonstrates
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that as the annealing time increases from 0 to 60 s, the infrared emis-
sivity of the structure gradually rises. This characteristic allows objects
at a constant temperature to match the radiative temperature of the
background in an infrared camera, seamlessly blending with the sur-
roundings. The practical result is shown in Fig. 3(d), where the emis-
sivity of the variable-temperature blackbody is 0.96, which is close to
most natural environments, such as soil (e¼ 0.91), grass (e¼ 0.95),
and shrubs (e¼ 0.98). Hence, it is suitable for simulating diverse back-
ground temperatures. An infrared camera was employed to capture
the image, demonstrating the effective camouflage capacity of the sys-
tem. At an object temperature of 100 �C, both the N-GST(a)/Au and
the background registered a radiative temperature of 32 �C, rendering

them indistinguishable in the infrared camera. However, when the
background temperature increased to 50 �C, N-GST(a)/Au stood
out due to the variance in radiative temperature. After 20 s of
annealing, N-GST(i) matched the background temperature, and
following 60 s of annealing, the object concealed within the back-
ground at 74 �C. Notably, in comparison to GST, N-doped GST
displays superior heat resistance. When both GST and N-GST
were exposed to a 100 �C hot plate, GST quickly increased its radi-
ation temperature, almost completing its phase transition in
around 130 h. Conversely, N-GST consistently maintained a lower
radiation temperature, showcasing its significantly improved heat
resistance (Fig. S8).

FIG. 3. (a) Simulated and (b) experimental normal-incidence emissivity of the N-GST/Au(a) and N-GST/Au(c) samples in the MIR with three different N-GST thicknesses of
300, 420, and 540 nm, respectively. The dashed and solid lines are for the N-GST/Au(a) and N-GST/Au(c) samples, respectively. Note that (a) and (c) denote the N-GST/Au(a)
and N-GST/Au(c) samples, respectively. (c) The measured emissivity is collected after different annealing times at a normal angle for N-GST/Au(a) and N-GST/Au(c) devices.
The object is annealed at 230 �C for 0, 20, and 60 s in order to obtain different N-GST crystallization fractions. (d) Infrared images recorded at different background tempera-
tures at different background temperatures (32, 50, and 74 �C) and a fixed object temperature (100 �C), respectively.
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To demonstrate the practical application of dynamically control-
lable emissivity in infrared camouflage, a thermally guided emissivity
dynamic control device was developed. Illustrated in Fig. S9, it com-
prised an indium tin oxide (ITO) line (thickness: 100 nm) serving as a
heater, flanked by silver electrodes (thickness: 200 nm) connected with
wires. Above this assembly lay silicon dioxide, acting as an electrical
isolation layer, and the N-GST/Au emitter. A heat stage with a surface
temperature of 100 �C was selected as the target for camouflaging. The
process, recorded in a video provided in the supplementary material,
involved controlling the emissivity using an ITO heater. An infrared
camera monitored the target. When the applied voltage was set to
zero, the upper part, covered by the thermal emitter, exhibited a lower
radiation temperature (blue). Applying 80V caused the N-GST/Au
emitter to rapidly reach around 230 �C via the ITO heater. After
approximately 20 s, the N-GST/Au emitter cooled down, showing a
different radiation temperature (yellow). Reapplying voltage led to
higher thermal emissions (red). Hence, emissivity could be dynami-
cally controlled by adjusting the voltage application time.

To verify the robustness of thermal camouflage, we further evalu-
ated the thermal emission of the camouflage device at observation
angles from 0� to 60�. In Fig. S10(a), as the observation angle extended

from 0� to 60�, the recorded thermal temperature of the object
remained consistent with the background, showcasing the sustained
effectiveness of the thermal camouflage device even at wide observa-
tion angles. The thermal emission for both transverse electric (TE)
[Figs. S10(b) and S10(e)] and transverse magnetic (TM) [Figs. S10(c)
and S10(f)] polarizations for N-GST/Au(a) and N-GST/Au(c) devices
was also calculated. The average emissivities of TM and TE polariza-
tions [Figs. S10(d) and S10(g)] indicate that the observation angles
(0�–60�) have minimal impact on the emissivities, suggesting practical
applications.

When the thickness of gold is sufficient, N-GST/Au emitters have
lower substrate requirements, favoring the preparation of flexible infra-
red phase change camouflage material. The intermediate Cr layer
enhances the adhesion between the Au layer and the substrate. In the
further work, the silicon substrate was replaced with a polyimide (PI)
film, 0.125mm thick, to enhance flexibility. Bending tests were
employed to evaluate the N-GST/Au emitter’s flexibility. Figure 4(a)
presents a photograph of the bending sample. The PI substrate was
affixed to glass cylinders with various radii of curvature, ranging from
0.5 to 1.1 cm. Figure 4(b) displays an optical microscope image of the
emitter surface before bending, exhibiting an impressively smooth

FIG. 4. (a) Image of bent samples. (b)–(e) Optical microscopy images captured during the bending of sample surfaces. (f) Cyclic bending test device and AFM images of sam-
ple surfaces after various bending times. (g) Emissivity of N-GST emitter/PI after various degrees of bending. (h) Digital images of “ECNU” letters cut from the emitter/PI directly.
(i) Thermal images of a beaker filled with boiling water covered by “ECNU” letters. (j) Thermal camouflage effect of finger wrapped in emitter/PI.
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film. Optical images in Figs. 4(c) and 4(e) depict the emitter in bent
states. Since N-GST is a brittle material, when the emitter is bent to a
radius of curvature of 1.1 cm, the film is cracked by the bending force
[Fig. 4(c)], which is perpendicular to the stress direction. Reducing the
curvature radius to 0.5 cm led to smaller spacing between cracks but a
larger crack width. Figure 4(g) displays the infrared emission spectra
of N-GST after varying degrees of bending in the released state, consis-
tently maintaining low and nearly identical levels. The maximum aver-
age crack width, about 600 nm, was significantly smaller than the
infrared camera’s resolution. The PI covered by N-GST/Au was fixed
to a curved Al sheet for convenient observation via an infrared thermal
imager. Clearly, the three different phases of N-GST exhibited similar
radiation temperatures before and after bending (Fig. S11). Infrared
images in Fig. S12 also revealed that bending did not significantly
impact the emitter’s infrared emission intensity. Additionally, cyclic
bending experiments were conducted on the emitter [device as shown
in Fig. 4(f)]. For a more detailed inspection, the AFM technique was
used to capture images of the PI after hundreds of repeated bendings
(radius of 1 cm). The experimental results show that the crack density
gradually increased with cycles. This is because different stress concen-
tration points appear in the material under cyclic loading, leading to
the formation and propagation of new cracks.74 Yet, the corresponding
emission intensity, recorded with the infrared camera (Fig. S13), exhib-
ited no significant change. Furthermore, a temperature-dependent
resistance test was carried out on the curved film to explore the impact
of crack testing on thin film phase transition temperatures.
Interestingly, there was no noticeable difference in the film’s phase
transition temperature before and after bending (Fig. S14).

It needs to be noted that after small-radius compression or multi-
ple bending, N-GST films remain firmly attached to the substrate with-
out any material delamination. First, the Au/Cr film layer possesses
excellent toughness, enhancing the adhesion between N-GST and the
substrate, with minimal impact on the strain induced within N-GST.
Second, according to the expression for the strain in bending of a thin

film deposited on a flexible substrate ef ¼ dfþds
2r

� �
ð 1þ2gþvg2

ð1þgÞð1þvgÞÞ,75,76
where df and ds denote the thicknesses of the film and substrate,
respectively; g¼ df =ds; r is the radius of curvature; v¼Yf =Ys where Yf
and Ys denote the Young’s modulus of the film and the substrate. The
Young’s modulus of the N-GST is 32GPa, which is given by the load–
displacement curve obtained by the sub-micron indentation technique
(Fig. S15). Considering Young’s modulus of PI of 2.5–4GPa, the strain
induced by r¼ 0.5 cm in the N-GST film was calculated to be 1.19%–
1.22%, which can be mitigated by forming cracks to reduce the effect
of the bending strain. As a result, the N-GST/Au emitter has excellent
flexibility and can be cut into different shapes. The letters “ECNU” cut
from the flexible emitter can be clearly shown in Fig. 4(h). Then the
cut letters are affixed to the wall of a beaker filled with boiling water,
displaying a notable contrast in emission intensity compared to the
background, owing to the low emissivity as observed by a thermal
imaging camera [Fig. 4(i)]. To further demonstrate its utility, the emit-
ter was made into a finger cover, as shown in Fig. 4(j), where the cov-
ered finger almost blends in with the background, revealing the stealth
capability of the flexible emitter in various scenarios.

Adapting to diverse detection methods across different spectral
ranges, stacking multilayer membranes becomes a potent strategy to
enhance camouflage technology. ZnS, when placed atop the N-GST,
facilitates spectral compatibility due to wavelength discrepancies. This

is because ZnS is a typical infrared transparent material, and changing
the thickness of ZnS hardly affects the emission in the infrared
region.77 So, the N-GST emitter and ZnS film can independently mod-
ulate the infrared and visible light bands, respectively. As depicted in
Fig. 5(a), ZnS, a standard infrared transparent material, consistently
transmits above 85% within most infrared camera detection ranges.
Known for its optical properties, the reflection in the visible range can
be modulated by altering the film’s thickness. Figure 5(b) displays the
reflection spectra in the visible range for ZnS films of varying thick-
nesses, showcasing different anti-reflection peaks. The chromaticity
coordinates (x, y) for each reflection spectrum, calculated using CIE-
1931 chromaticity coordinates, are described in the figure’s legend.
Practical applications allow simulating different background colors by
regulating the thickness of the top ZnS layer-30nm for yellow sand,
60nm for the sky and ocean, 90 nm for grassy green hills, and so forth.
Manipulating the top ZnS layer’s thickness can simulate various back-
ground colors. Figure 5(c) exhibits an example where 90 nm of ZnS
was deposited on a flexible N-GST emitter, crafted into a rabbit pat-
tern. The rabbit, placed in hot water within a beaker, simulates the
camouflage device’s stealth effect on a heated object. Camera images
portray the rabbit as inconspicuous, mirroring the grass’s color, dem-
onstrating its seamless integration into the background. In the cap-
tured thermal image, the segment covered by the rabbit exhibits a light
blue hue, resembling the weak thermal radiation emitted by the bare
background. This showcases the device’s adeptness in merging into the
background seamlessly, visible in both light and infrared detection,
underscoring the efficacy of the composite multilayer structure for
multispectral concealment. Compared to previously reported phase
change material emitters (Table I), the ZnS/N-GST multilayer struc-
ture exhibits significantly improved operating temperatures.
Furthermore, our modulation performance (emissivity change) can

FIG. 5. (a) Infrared transmittance and (b) visible light reflection spectrum of ZnS
film with different thicknesses. (c) Visual effect and (d) infrared thermogram of bea-
ker filled with boiling water covered with ZnS/N-GST emitter/PI.
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compete with the single-band modulation performance reported in
previous studies. Unlike most single- or dual-band modulation in the
IR spectrum, the integration of visible light camouflage and infrared
dynamic modulation is achieved in our device. This encourages further
exploration in the future.

IV. CONCLUSION AND OUTLOOK

In conclusion, the GST modified by N doping was studied, and
the N-GST thin film is still nonvolatile, and its phase transition tem-
perature is about 60 �C higher than that of GST. The thermal emitter
composed of N-GST and an Au film can achieve wide wavelength
selectivity by controlling the thickness of the N-GST layer. When N-
GST is transformed between crystalline and amorphous states, the
radiation of the target at a fixed temperature can be dynamically con-
trolled to match different background temperatures. In addition,
although N-GST is a brittle material, the demonstrated emitter shows
good bending resistance and can be flexibly applied to the surface of
the target. In order to meet the new applications of multi-spectral cam-
ouflage, we also designed a multi-layer membrane structure to realize
dual-band camouflage. These devices based on N-GST provide a new
strategy for accomplishing high-temperature thermal camouflage and
multi-spectral camouflage based on phase change materials with a
dynamic modulation function.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the influence of
nitrogen/argon flow ratios on the atomic ratio of N-GST, temperature
resistance analysis, optical characteristics of N-GST, the dynamic con-
trol device of thermal conduction emissivity, robustness analysis of the
observation angle, and the bending stability of the device.
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