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Thermal management broadband-emitting device
based on VO, applied in the mid-infrared band

Ying Zheng,? Zhiyou Wang,*® Qianju Song, 2@ Zao Yi, 2 *2 Shubo Cheng® and

Yougen Yi¢

Mid-infrared thermal radiation has attracted attention due to its wide range of applications. Compared to
the static process of thermal emission, if thermal radiation can be dynamically controlled, it would be
more suitable for practical applications. Herein, we designed a controllable thermal emitter based on
phase change materials. When the temperature changes from low to high, VO, transitions from a dielec-
tric state to a metallic state, and its imaginary part of the dielectric constant significantly increases, leading
to differences in emission characteristics. At low temperatures, the device is in a low dielectric state and
resonates weakly with incident light. The main emission comes from the bottom of the grating structure,
with an emissivity of 0.21. At high temperatures, the structure is in a high dielectric state, and multiple
resonance modes are excited within the structure, such as cavity resonance and surface plasmon reso-
nance, which increases the emissivity to 0.95 and achieves effective heat dissipation. Given its superior
thermal management capabilities and stability, this design holds promise for applications in thermal
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1. Introduction

Thermal radiation refers to an object radiating electromagnetic
waves outward due to its own temperature, often occurring in
the infrared band. At the beginning of the 20th century,
Planck summarized the blackbody radiation law based on his
predecessor’s work," laying an important theoretical foun-
dation for thermal radiation. The research on thermal radi-
ation is of great significance, as functions such as stealth,”’
thermal management,*” and infrared detection® can be
achieved by manipulating radiation energy in different bands.
In the mid-20th century, Richard Feynman noted the signifi-
cance of ‘nanoscale’ for future technological development.’
Subsequently, over a period of several decades, micro and
nano processing techniques flourished, gradually shifting the
combination of thermal radiation and micro/nanostructures
from theory to practice.'®'! By designing micro and nano-
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imaging, infrared communication, and energy-efficient devices.

structures with different materials, sizes, and shapes, it is
possible to control thermal radiation.

Based on Stefan Boltzmann’s law, the energy intensity
radiating into the environment is related to temperature and
emissivity.">"* Due to the usual lack of consideration for temp-
erature changes caused by a large amount of energy input, the
control of thermal radiation mainly depends on modifying the
emissivity of an object. The emissivity spectra regulation of
thermal radiation can be mainly divided into two categories:
static regulation and dynamic regulation.'**° Static regulation
refers to the situation where the optical characteristics of a
device no longer change after its design and processing are com-
pleted. In contrast, dynamic adjustment is more flexible and
can better meet a wide range of application needs. Dynamic
regulation includes optical regulation,” electrical regulation,'®
thermal regulation,'® chemical regulation,”® mechanical regu-
lation,*! and magnetic regulation.”” Among them, thermal regu-
lation utilizes the phenomenon of material physical properties
changing with temperature, resulting in devices exhibiting
different optical properties at different temperatures.

VO, is a thermochromic material that exhibits a unique
insulator-to-metal transition at approximately 68 °C, allowing
it to dynamically adjust its emissivity based on temperature
changes.”®** This transition from a dielectric to a metallic
state is attributed to the reorganization of vanadium atoms
within VO, at higher temperatures, leading to changes in elec-
tronic structure.”>*® By utilizing this feature, many dynamic
emissivity adjustments have emerged.
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Gu et al. proposed a structure based on VO,/HfO,/Al.>’
Working as an infrared reflector at low temperatures and as an
infrared emitter at high temperatures, the emissivity adjust-
ability in a 2.5-25 pm range reached 0.51, demonstrating excel-
lent infrared radiation regulation function. Liu et al. reported
an infrared adaptive broadband transmitter that achieved
emissivity modulation from 0.21 to 0.75 during VO,’s phase
transition,?® and this device can be used for thermal manage-
ment and infrared camouflage applications in spacecraft. Ma
et al. proposed a metal-insulator-metal (MIM) structure with
an inserted VO, interlayer.>® Based on its magnetic pole,
surface plasma, and phase transition characteristics with VO,,
broadband emission tunable characteristics were achieved
in an atmospheric window. Thus, the micro-nano structure
based on the phase change material (PCM) VO, is widely used
in infrared emission modulation.

At present, the problems of high or low temperatures faced
by buildings, vehicles, and outdoor equipment need to be
effectively addressed. We have designed an easy-to-manufac-
ture three-layer structure based on VO,, and optimized the
emission modulation to 0.74 in the mid-infrared band

@ MIR incident waves
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(1.5-5 pm) by changing the structural parameters. The device
exhibits excellent thermal management performance and is
suitable for engineering and construction applications.

2. Structural design and material
selection

We simulated and calculated the structure shown in Fig. 1.
The bottom layer is made of Au (height H4 = 50 nm), which
exhibits high reflectivity in the infrared band and is used as a
reflective layer. The middle layer is Al,O; (height H3 =
250 nm), which exhibits high transparency in the infrared
region and serves as a dielectric spatial layer. The top is a VO,
grating with a height of 350 nm that serves as the absorption
layer. In addition, H2 = 300 nm, L1 = 350 nm, L2 = 50 nm, and
L3 = 100 nm. The dielectric constants of Au and Al,O; are
derived from Palik.*®

Fig. 2 shows the complex dielectric constant of VO, in
different states. In Fig. 2(a), at low temperatures, VO, exhibits
uniaxial anisotropic dielectric properties. It assumes different

Reflective waves

Reflective waves

Fig. 1 (a) Structural diagram of solar absorber; (b) a schematic diagram of the structure of one period.
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(a and b) The dielectric constants of VO, at low and high temperatures, respectively.
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responses depending on whether the incident light is perpen-
dicular or parallel to the optical axis. For normal incidence,
only the first scenario applies. Both of these situations can be

represented by the Lorentz model:** >3
Ny, 2
Sh - @wn
e(w) = e + . on™n 1
(@) * ;wnz—l}’n~a}—w2 (1)

where S, denotes the oscillation strength, w, denotes the
photon vibration frequency, and y, denotes the damping
factor.*?

As the temperature increases and exceeds the phase tran-
sition temperature, VO, exhibits a metallic state (isotropic
metal), as shown in Fig. 2(b), and the complex dielectric con-
stant is expressed as eqn (2):***°

2
e(w) = —¢€w Dp

(2)

@? — ioll
where &, denotes the high frequency constant, ® and w,

denote the angular frequency and the plasma frequency,
respectively, and I" denotes the collision frequency.**

3. Simulation results and discussion
3.1 Simulation results

Fig. 3 shows the infrared emission characteristics of the struc-
ture. Tunable infrared emission in the 1.5-5 pm band serves to
facilitate temperature control and thermal management of
devices, safeguarding them against overheating or undercool-
ing effects. By Kirchhoff’'s law, the emissivity equals the
absorptivity at thermal equilibrium. Therefore, the emissivity
in Fig. 3 is calculated from eqn (3):>*%’

£(4) =1-R(4) — T(2) (3)

1.0
2z
=0.8 -
g Average emissivity=0.95
E0.6-
% Low temperature
.g 0.4- — High temperature
=
St
=
20.2-
< Average emissivity=0.21

0-0 ! ! T T T T

1.5 2.0 25 3.0 35 40 45 5.0

Wavelength(pum)

Fig. 3 The absorption and reflection efficiency of the structure when
VO, is in different states.
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where A(T) denotes absorbance, and R(T) denotes reflectance.
Based on eqn (3), the infrared emissivity can be expressed as
eqn (4), where I3(4,T) represents blackbody radiation related to
temperature and wavelength.?® By calculating the emission
capabilities at high and low temperatures, we can evaluate the
radiation regulation performance. I3(4,T) can be calculated
from eqn (5):*°

MM o (T)Ig(A, T)dA

_: 1.5pm (4)
( ﬁ;’;m Is(4, T)dA
2nhe® 1
(4, T) = IE hc—l (5)
T

where ¢ denotes the speed of light, Boltzmann’s constant k =
1.38 x 1072* J K™, and Planck’s constant & = 6.62 x 1074 J s.

According to Fig. 3, VO, exhibits a dielectric state with weak
resonance with incident light at low temperature, resulting in
an emissivity of less than 0.35 across the entire wavelength
range, and an emissivity of less than 0.2 in the 3.36-5 pm
range. After calculation, the average infrared emissivity at low
temperature is 0.21. At high temperature, VO, exhibits a metal-
lic state with strong resonance modes within its structure,
resulting in an enhanced emissivity across the entire band.
The emissivity in the 1.5-4.6 pm range is greater than 0.9, and
the overall average emissivity increases to 0.95. Because the
emission tunability of this structure in the range of 1.5-5 pm
reaches 0.74, it is suitable for applications in thermal
management.

Fig. 4 shows the influence of different polarized waves and
incident angles on structure. Comparing Fig. 4(a) and (b),
there is a significant difference in the emission spectra of the
structure depending upon whether under TE (transverse elec-
tricity) or TM (transverse magnetic) waves.’>*" In Fig. 4(a),
under TE waves, the emissivity of the structure at different
incident angles is generally greater than 0.9 and can even
reach 0.99. As shown in Fig. 4(b), under TM waves, the emissiv-
ity significantly decreases, with a maximum of only 0.71. The
difference in emission spectra between TE and TM waves
arises from the orientation-dependent interaction of light with
the grating structure, where there is more accurate alignment
of TE polarization with the grating lines, which enhances reso-
nance effects. However, the emissivity is less affected by the
incident angle.

As shown in Fig. 4(a), as the incident angle increases from
0° to 40°, the emission spectrum remains nearly unchanged
before gradually decreasing with further increases in the inci-
dent angle. Until the incident angle exceeds 40°, the emissivity
begins to significantly decrease. However, it is still greater
than 70%. The trend shown in Fig. 4(b) is similar to that
shown in Fig. 4(a), where the change in emissivity can be
ignored between incident angles of 0-50°, until at approxi-
mately 55°, the emissivity begins to significantly decrease.
Despite limitations due to polarization effects, the structure’s
angle insensitivity offers broad potential applications.
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Fig. 4 (a and b) Under TE and TM waves, the absorption spectrum varies with the incident angle.

3.2 Physical mechanisms governing thermal emission

To analyze the thermal emission mechanism, we performed
calculations of the electric field distribution. As shown in
Fig. 5(a), at low temperatures, some electric fields are distribu-
ted outside the grating and in the Al,O;, originating from
surface plasmon resonance (SPR) excitation.**** The weak
electric field inside the grating originates from the excitation
of cavity resonance. In addition, the strong electric field is con-
fined to the angular space between VO, and Al,O3, and mainly
originated from local surface plasmon resonance (LSPR).***®
As the temperature increases, in Fig. 5(b), the electric field
localization between VO, and Al,O; increases, and a strong
localized electric field is distributed at the top of the metallic
VO, grating. The electric field distribution inside the grating
also extends from the lower half to the entire cavity, and the
intensity increases, indicating that the cavity resonance in
metallic vanadium dioxide is stronger.*®

In addition, an increase in the highest electric field
strength was observed from low temperature to high tempera-
ture. Thus, at low temperatures, weaker electric fields are
observed because the dielectric VO, does not support strong
resonant modes. As temperature increases, enhanced electric
field localization occurs due to the metallic VO,’s ability to

0.8

UL Tow temperature

0.0
2200 -100 0 100 200
X(nm)

sustain stronger plasmonic resonances, resulting in a signifi-
cant increase in emissivity.

Combining power density with electric field distribution
enhances understanding of the physical mechanisms involved.

The power density can be obtained from eqn (6):*""*®

Q = 0.5w¢[e"(x)|E(x)|” + "(2)|E(2)|] (6)

where ¢, E, and &"” denote the vacuum dielectric constant, the
electric field, and the imaginary part of the material’s dielec-
tric constant, respectively.”” The power density is affected by
e", which further affects the absorption efficiency. As shown in
Fig. 6(a), at low temperatures, the power density at the bottom
of VO, reaches its maximum, while the power density at its top
is relatively low. In Fig. 6(b), at high temperatures, the power
density at the top of VO, is the highest, with a maximum value
of 0.9, which is significantly higher than at low temperatures.
According to Fig. 2, at wavelength 2.18, the complex dielectric
constants for VO, at low and high temperatures are 3.370 +
0.0547 and —4.792 + 10.412i, respectively. The significant
increase in power density at high temperatures is primarily
due to the substantial rise in ¢”, which enhances the material’s
ability to absorb incident radiation, thus increasing emissivity.

U High tem perature

-200  -100

00 200

0o 1
X(nm)

Fig. 5 (a and b) An electric field distribution diagram of the XOZ plane at low and high temperatures at 2.18 pm.
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Fig. 6 (a and b) The power dissipation density of the XOZ plane at high and low temperatures at 2.18 pm.

3.3 The influence of structural parameters

The optimal parameters were determined through finite-differ-
ence time-domain (FDTD) layer-domain scanning.*>*® In
Fig. 7, the scanning process of gratings with different lengths
is shown. From Fig. 1, L1 is the overall width of the grating
structure. As Fig. 7(a) shows, with the increase in L1 from
310 nm to 350 nm, the emissivity shows an increasing trend,
especially in the 1.5-1.8 pm and 3.7-5 pm bands where the
emissivity significantly increases, resulting in bandwidth
widening.’"**> However, as L1 continues to increase, the emis-

sivity at 2.5-3.5 pm begins to decrease. Therefore, L1 = 350 nm
is an ideal parameter. Fig. 7(b) shows a similar but opposite
trend to Fig. 7(a). As L2 increases from 10 nm to 90 nm, the
emissivity of the 1.5-2 pym and 4-5 pm bands gradually
decreases, leading to a reduction in absorption bandwidth.
However, the absorption gradually increases at 2.5-3.5 pm and
remains almost unchanged until L2 = 50 nm. Therefore, a
wider bandwidth and higher emissivity were simultaneously
obtained only when L2 = 50 nm.

L3 is the width of the grating groove, and when it increases
to 100 nm, the spectral changes are weak, except for an

Absorption/Emissivity (b) Absorption/Emissivity
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Fig. 7 (a—c) The power dissipation density of the XOZ plane at high and low temperatures at 2.18 pm.
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Fig. 8 (a—c) The power dissipation density of the XOZ plane at high and low temperatures at 2.18 pm.

increase in absorption at 1.7-2 pm. However, as L3 continues
to increase, it is observed that the emissivity of nearly the
entire band decreases, while the bandwidth shortens.
Therefore, L3 = 100 nm is an ideal parameter. We can finally
determine that the optimal parameters of #; and 4, in the
solar absorber model we designed are 700 nm and 100 nm,
respectively.

Several film layer thicknesses were scanned, and Fig. 8(a)
shows the scanning process for grating thickness. As H1
increases from 250 nm to 350 nm, the emissivity of multiple
bands shows an increasing trend, but the significant increase
no longer exists after 350 nm, and the emissivity of the 4-5 pm
band begins to decrease. Therefore, H1 = 350 nm is an ideal
parameter. Fig. 8(b) shows a trend similar to that to Fig. 8(a),
but with a faster degree of change. When H2 = 280 nm, the
average emissivity is 0.62. As the thickness increases to
300 nm, the emissivity also increases to 0.95. However, as the
thickness incrementally increases, the emissivity exhibits a
downward trend, culminating at a value of 0.88. This indicates
that 300 nm is an ideal parameter for H2. As shown in
Fig. 8(c), as H3 increases to 250 nm, the absorption efficiency
in the long wavelength significantly increases, but it decreases
as the thickness continues to increase.>*>* Numerically, the
emissivity of H3 at 150 nm, 250 nm, and 350 nm is 0.64, 0.95,
and 0.90, respectively. Therefore, H3 = 250 nm is an ideal para-
meter. Through this optimization process, we achieved an
ideal balance between bandwidth and emissivity, demonstrat-
ing the structure’s potential for applications in efficient
thermal management.>>™>’

3162 | Dalton Trans., 2025, 54, 3157-3164

4. Conclusion

We designed a multi-layer device using the PCM VO, that con-
sists of a top grating layer, an Al,O; dissipative film, and an Au
reflective film, achieving thermal management in the 1.5-5 pm
wavelength range. At low temperatures, VO, is in a dielectric
state, and the emissivity is 0.21; at high temperatures, VO, is
in a metallic state, and the emissivity is 0.95. The emission
tunability reached 0.74, and this achievement provides an
efficient and stable thermal management solution suitable for
applications in building energy conservation, smart windows,
aerospace thermal control, and more.

Furthermore, this study delves into the physical mecha-
nisms underlying the transformation from the dielectric state
to the metallic state in VO,, elucidating the excitation of
various resonance modes such as surface plasmon resonance
(SPR) and cavity resonance under different temperature con-
ditions. These insights deepen our understanding of VO,
material properties and their applications in micro/nano-
structures, providing valuable theoretical foundations and
technical guidance for subsequent research.
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