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A B S T R A C T   

Thermal energy-based portable electrical sources have garnered increasing academic attention because of their 
high efficiency, high energy density, and exceptional portability. The insulation of heat sources significantly 
impacts power generation efficiency. However, the fabrication of small-scale multilayer insulation (MLI) is 
significantly challenging because of the high-temperature environment, material compatibility, and influence of 
near-field radiation heat transfer. Microfabricated MLI insulators ranging from the micron to millimeter scale 
were successfully developed in this study. Both the micro- and meso-scale MLI materials exhibited outstanding 
thermal insulation performances at 1400 K without structural degradation, while retaining 78 and 88% of the 
radiative heat, respectively. Further optimized micro- and meso-scale MLI materials retained 85 and 93% of 
thermal radiation, respectively, at temperatures up to 1400 K. The thickness of our fabricated meso-scale MLI 
material is 24.5-36.8% that of previously reported MLI materials with a comparably low thermal conductivity. 
Importantly, the designed MLI is not only thinner but also has a considerably lower thermal conductivity. These 
findings highlight the need for further development of small-scale MLI materials for thermal insulation in 
thermal energy-based portable power generation systems, such as radioisotope micropower systems and alkali- 
metal thermal-to-electric converters.   

1. Introduction 

Driven by the rapid development of the modern economy, high ef
ficiency, high energy density, and portable compact power supplies are 
becoming increasingly important. Although electrochemical and 
photovoltaic batteries serve as mainstream portable electrical sources, 
new conversion mechanisms are continuously being developed for 
special purposes or next-generation designs [1,2]. Thermal energy- 
based portable electrical sources are among the most important 
research directions because heat is abundant, inexpensive, and typically 
originates from waste. Thermophotovoltaic (TPV) conversion is a typical 
method used for these applications. Previous studies successfully 
demonstrated micro-TPV systems using hydrogen or propane combus
tion [3,4]. Portable radioisotope-powered TPV systems are promising 
candidates for space exploration [5–7]. Solar TPV power generation has 

also become another important photothermal application in addition to 
photocatalysis, seawater desalination, and steam generation [8–13]. 

To emit more convertible infrared photons, TPV systems must typi
cally operate at temperatures exceeding 1000 ◦C, where radiative heat 
transfer is the major thermal process, dominating the conduction and 
convection processes, and contributes to the major heat loss. However, 
portability introduces more challenges to the design, because the exte
rior surface of a feasible device must be touchable, which means that the 
exterior must be close to room temperature. The large temperature 
gradient across a small physical distance calls for effective thermal ra
diation barriers such that heat is effectively confined in the source re
gion. Derived from space technology, multilayer insulation (MLI) has 
proven to be one of the most effective thermal insulation barriers for 
radiative heat transfer and is still used in satellites and spacecrafts 
[14,15]. MLI materials are composed of alternating layers of highly 

* Corresponding authors. 
E-mail addresses: qiulin@ustb.edu.cn (L. Qiu), xiawa.wang@dukekunshan.edu.cn (X. Wang).   

1 X. Zhou and D. Li contributed equally to this work. 

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2024.122838 
Received 20 December 2023; Received in revised form 26 February 2024; Accepted 28 February 2024   

mailto:qiulin@ustb.edu.cn
mailto:xiawa.wang@dukekunshan.edu.cn
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2024.122838
https://doi.org/10.1016/j.applthermaleng.2024.122838
https://doi.org/10.1016/j.applthermaleng.2024.122838
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2024.122838&domain=pdf


Applied Thermal Engineering 245 (2024) 122838

2

reflective screens and low-thermal-conductivity spacer layers, taking 
advantage of the fact that most of the thermal radiation from a layer is 
reflected by the adjacent layer at lower temperatures. A space MLI is 
typically composed of polyimide layers coated with thin layers of 
aluminum or gold, such as those used in the Hubble Space Telescope and 
Solar Maximum Mission [16]. When the source temperature of the 
application reaches the refractory regime (defined by ASTM as above 
1000 ◦F/538 ◦C) [17], reflective materials, such as molybdenum, nickel, 
and stainless steel, are used to replace coatings while spacer layers are 
also replaced by high temperature ceramics such as quartz cloth, 
graphite paper, and silica board [18,19]. Among all the conversion 
technologies that serve to realize portable thermal-based batteries, the 
temperature range typically falls into the latter category, as shown in 
Fig. 1 [7,20–24]. Thermoelectric conversion typically requires the 
lowest temperature in the range of 700 K, whereas conversions using 
heat engines, thermionics, and TPVs all exceed 1000 K. Therefore, an 
MLI aimed at applications in the field of portable thermal-based batte
ries must be designed to operate stably under these extreme 
temperatures. 

Although it is challenging to design an efficient, lightweight, and 
compact MLI for these applications, theoretical and experimental efforts 
have been made in this direction. MLI heat transfer models were 
developed several decades ago [25,26], and continuous efforts have 
been made to refine the theory to accommodate scenarios such as 
transient heating effects and pressure loads [27], cryogenic performance 
[28], and the impacts of seams and cracks [29,30]. Moreover, many 
quantitative analytical models and experimental studies have been un
dertaken to investigate the effects of the reflective screen emissivity, 
spacer layer thermal conductivity, number of layers, thickness, and 
other factors on the performance of MLIs [31–35]. However, the effect of 

a shrinking size has mostly been studied under the framework of near- 
field heat transfer, but has never been incorporated into an MLI model 
[36]. Sheng et al. reported a microfabricated MLI structure made of 
nickel foil separated by a ceramic fiber blanket capable of operating in 
the temperature range of 600–1300 K [37]. Wang et al. fabricated an 
MLI device composed of stainless steel foils separated by silica aerogels 
and aluminum silicate fibers [38]. The best insulation performance was 
achieved at one layer per millimeter at 1000 ℃. Spinnler et al. charac
terized the thermal performance of MLIs composed of stainless steel, 
gold reflective screens, and refractory ceramic spacers at 1000 ℃ [39]. 
Most experimental measurements have validated the theoretical models, 
particularly when the feature size of the system is on the millimeter- 
scale or larger [16,40]. Manufacturing high-porosity films with low 
thermal conductivity to further reduce the size of thermal insulators to 
the micrometer range is challenging because the stress during casting 
and drying can cause cracking of the high-porosity films [41]. Further
more, because of variations in the coefficients of thermal expansion at 
higher temperatures, micron-sized stacked films are more vulnerable to 
breaking [42]. Furthermore, thermal processes at the micron scale in 
MLI structures have not been adequately investigated. Therefore, 
designing and fabricating an efficient, lightweight, and high- 
temperature resistant microscale MLI remains challenging. 

In this study, the radiative heat transfer through micro- and meso- 
scale MLI structures was theoretically studied and experimentally veri
fied in both near- and far-field models to develop ideal small-scale MLI 
materials. Micro-scale experimental structures were fabricated using 
alternately arranged parallel layers of silica aerogel and titanium nitride 
(TiN) films. The dual-layer silica aerogel-based MLI material adopting 
the near-field radiative transfer model retained 78% of the radiative 
heat, assuming that the emitter was a blackbody, whereas the designed 

Fig. 1. (a) MLI used in high-temperature systems and (b) MLI used in micropower systems.  
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micro-scale MLI material achieved 85% heat retention. The far-field 
model was verified using an MLI composed of silica fiber films and sil
icon wafers coated with a TiN film on both sides. The eight-layer 
structure retained 88% of the radiative heat, and the designed ten- 
layered micro-scale MLI material was expected to block 93% of this 
radiative heat. Our small-scale MLI offers the advantage of being lighter, 
while providing comparable thermal insulation performance. 

2. Material and methods 

2.1. Materials 

All metal foils were purchased from ESPI Metals. Silica fibers were 
supplied by Beijing Zhongkekeyou Technology Co., Ltd. Hydrochloric 
acid (HCl; 36.5− 38%) was purchased from Shanghai Hushi Reagent. 
Ethanol (EtOH) was purchased from Greagent. Hexane and tetraethox
ysilane (TEOS) were purchased from Adama Ltd. Trimethylchlorosilane 
(TMCS) and ammonium hydroxide (NH4⋅H2O; 28− 30%) were pur
chased from Sigma Aldrich. N-type silicon (<100>, 1-10 Ω⋅cm resis
tance) was purchased from Zhejiang Lijing Photoelectric Technology 
Co., Ltd. 

2.2. Fabrication of silica fiber-based MLI material 

Silica fiber-based MLI material was constructed using a 300 µm-thick 
silicon wafer coated with 207 nm-thick TiN films on both sides as the 
reflective layer. A 160 µm-thick silica fiber film was obtained by peeling 
from a 1 mm-thick fiber film as the spacer layer, as shown in Fig. S3a and 
b. The TiN films were deposited using reactive radio frequency 
magnetron sputtering (ULVAC Co., Ltd., China, CS-200z). A 10.1 cm- 
diameter titanium target with a purity of 99.99% (Zhongnuoxincai 
Co., Ltd., China) was placed 11 cm away from the substrate. The sput
tering chamber was initially evacuated to approximately 5 × 10-4 Pa. 
The operational pressure during sputtering was 0.1 Pa, with argon and 
nitrogen gas flow rates of 56 and 14 sccm, respectively. The sputtering 
power was maintained at 600 W. The substrate was heated to 300 ◦C, 
and substrate rotation was used to ensure uniform film deposition. A 207 
nm-thick TiN layer was formed after 74 min of deposition, as confirmed 
using field-emission scanning electron microscopy (SEM; Zeiss Gemini 
500), as shown in Fig. S3d. The silica fiber-based MLI material was then 
fabricated by stacking TiN film-coated silicon wafers and fiber films 
layer-by-layer and fixing them to the sample holder in a vacuum 
chamber. 

2.3. Fabrication of the silica aerogel-based MLI material 

Silica aerogel films were fabricated using a sol-gel process, followed 
by a simple dip-coating procedure similar to conventional methods 
[43,44]. First, 20 mL TEOS + 20 mL EtOH + 1.775 mL of 0.098 M HCl 
were dissolved and stirred at 60 ◦C for 90 min. Then, 13.84 mL of 0.08 M 
NH4OH (aq) + 183.05 mL EtOH were added and stirred for 15 min. The 
aerogel sol was sealed to prevent evaporation and allowed to condense 
and age for 3.5 d at 50 ◦C. The aerogel was treated for ambient drying, 
which included a 1 h wash in excess EtOH thrice, another 2 h wash in 
excess hexane twice, a 20 h wash in 0.4 M TMCS, and finally a 1 h wash 
in excess hexane twice. The TMCS modification produced hydrophobic 
gels with alcohol-filled pores (alcogel). After adding EtOH, the alcogel 
was sonicated at 38.31 kHz to obtain a homogenized solution. The sol 
was purified using centrifugation. Finally, silica aerogel films were ob
tained by dip-coating silicon substrates in the homogenized solutions at 
500 µm/s. The freshly coated films were heated at 300 ◦C for 10 min. 
Aerogel films with a thickness of 1 µm were obtained by repeated dip- 
coating. Subsequently, a 205 nm-thick SiO2 film was deposited as an 
adhesion layer using plasma-enhanced chemical vapor deposition 
(PECVD; Leuven Inc., HAASRODE-P200A) at 200 ℃. A 2 µm-thick aer
ogel film was obtained as the spacer layer by repeated dip-coating on the 

SiO2 film. A 207 nm-thick TiN film was deposited as a reflective layer 
using magnetron sputtering. Silica aerogel-based MLI materials were 
fabricated using the repeatedly dip-coated aerogel films, PECVD SiO2 
films, and magnetron-sputtered TiN films. The resulting silica aerogel- 
based MLI material comprised two spacer and reflective layers. 

2.4. Characterizations 

The sample morphology was characterized using field-emission SEM 
(Zeiss Gemini 500). Optical and thickness characterizations were per
formed using an ellipsometer (SENTECH, SENpro). The reflectivity of 
the metal foils were measured using a Cary 5000 UV-VIS NIR spectro
photometer equipped with a Praying Mantis accessory for diffuse 
reflection spectroscopy. High-temperature emissivity spectra were 
collected using a self-built high-temperature emissivity measurement 
system, which consisted of a sample holder in a vacuum chamber 
(customized from Suzhou Nimitz Vacuum Equipment Co., Ltd.), a 
blackbody calibrator (Infrared System Development Corp., IR-564/301), 
and a Fourier-transform infrared (FTIR; Thermo Fisher, Nicolet iS50) 
spectrometer. The vacuum chamber pressure was maintained at 5.5 ×
10-5 Pa. Each radiation spectrum measurement comprised an average of 
32 scans with a resolution of 4 cm− 1. The distance between the laser 
emission port of the FTIR spectrometer and the sample was 35 cm. The 
electric heater was composed of a molybdenum shell and an electric- 
heating tantalum wire. Power was supplied via a direct current power 
supply (LINI-T, UTP16020). 

2.5. Thermal conductivity measurement 

A 3-omega method (3ω) was set up to determine the thermal prop
erties of the aerogel-based MLI material [45–47]. Fig. S6a presents a 
schematic diagram of the 3ω test structure. First, a 200 nm-thick SiO2 
film was deposited on the surface of the silica aerogel-based MLI ma
terial as an insulating layer. Then, a four-pad 100 nm-thick gold strip 
(1.38 mm long and 52.4 µm wide) was deposited on the sample using 
electron-beam evaporation (ULVAC Co., Ltd., China, Ei-5Z). The Joule 
heat was generated when alternating current (AC) (1ω) was input into 
the strip. A thermal wave with the frequency of 2ω was produced, 
resulting in a temperature increase vibration at 2ω. The AC voltage 
variation at the frequency of 3ω of the metal strip was used to determine 
the thermal conductivity of the sample. Due to the ultra-small thickness 
of the film, the 300 µm-thick silicon wafer can be considered as a semi- 
infinite substrate in a certain heating frequency band. The thermal 
penetration depth is defined as dheat = (αsample/2ω)-2, where αsample is the 
thermal diffusivity of the sample and ω is the input angle frequency. The 
calculations and variations in the experimental data indicated that 5-15 
Hz is an appropriate frequency range to ensure that the silicon wafer can 
be regarded as semi-infinite. Fig. S6b shows the fitted results for the 
temperature increase as a function of the frequency. According to Eqs. 
(1) and (2), the thermal conductivity of the film (kfilm) at room tem
perature is 0.34 W/ m⋅K. 

κsample =
P

2πl
×

ΔT
ln(2ω) (1)  

dsample

κsample
=

dfilm

κfilm
+

dsubstrate

κsubstrate
(2)  

where P is the input power, l is the length of the metal strip, ΔT is the 
temperature increase in the metal strip, and d is dependent on the 
thickness of the different objects. 
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3. Results and discussion 

3.1. Far-field Modeling 

When the gap distance (d) between two objects is larger than the size 
of characteristic wavelength of the blackbody radiation (λT), the near- 
field radiative heat transfer effect can be ignored and the far-field 
radiative heat model can be employed, as shown in Fig. 2a. The 
modeling of an MLI can adopt the same methods as the electrical 
network analogy [48]. Fig. 2a shows the network analogy for the MLI, 
where the materials and geometric properties make up the resistors, the 
heat flux is analogous to the current, and the voltage potential is a 
function of the temperature. The network analogy transforms the MLI 
structure into a resistive network composed of the radiative surface 
resistance (Zsurface), radiative space resistance (Zspace), and thermal 
conductive resistance (Zconduct) between adjacent layers, as shown in Eq. 
(3), where, A represents the area, ∊ is the emissivity, k is the thermal 
conductivity of the spacer, and t is the thickness between layers. The 
overall heat transfer impedance from surface j to surface k is represented 
by Zj− k. The heat transfer relationships for each layer of the MLI can be 
described using Eqs. (3) and (4), which describe the heat fluxes between 
adjacent surfaces. The emissive power of the surfaces is represented by 
Ebj and Ebk, which can be calculated using E = ∊σT4. Eq. (5) describes the 

heat transfer from the heat source through many layers of shields to the 
outermost environment when many layers are used. The total heat loss 
through the MLI is represented by the heat flux (QMLI). 

Zj,k =
1

εjAj
+

1
Ak

(
1
εk
− 1

)

+

(
Tj + Tk

)(
T2

j + T2
k

)
t

Aspacerkspacer
(3)  

QMLI =
Ebj − Ebk

Zj− k
(4)  

⎧
⎪⎨

⎪⎩

QMLIZs,1 = Ebs − Eb1

QMLIZ1,2 = Eb1 − Eb2

⋮
QMLIZn,o = Enb − Ebo

(5) 

Fig. 2b shows the far-field calculation results when the ideal spacer 
layer is a vacuum and where the hot and ambient temperatures were set 
to 1400 K and 300 K, respectively. Sample area A was set to 1 m2. Fig. S1 
shows the reflectivity of various metal foils frequently used in MLIs. 
Gold foil has a reflectivity close to 1. However, gold has a low melting 
point and is not resistant to high temperatures. The reflectivity of high- 
temperature-resistant molybdenum, tungsten, and stainless steel are <
0.86; therefore, the emissivity of the reflective layer for the calculation 

Fig. 2. (a) Schematic diagram of MLI materials for high temperature systems; both the far- and near-field thermal radiation models are shown in the figure. (b) Far- 
field calculation results for the thermal insulation performance of MLI structures with different layer numbers and spacer thicknesses; ε = 0.14, k = 0 W/m⋅K, and 
Theat source = 1400 K. (c) Near-field radiation heat transfer between two plates (ε = 0.14) maintained at 1400 and 300 K. The energy transfer between two blackbodies 
is also shown for reference. 
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was set to 0.14, which is a typical value for many refractory metals in the 
near-infrared region [49]. For simplicity, the screen materials were 
assumed to be grey diffuse reflectors. Q represents the equivalent 
blackbody radiative power, and the figure of merit for the thermal 
insulation property of the MLI structure is defined as η = QMIL / Q 
×100%. Even with only two 10 µm-thick layers, the heat loss is only 
4.90%. Additionally, increasing the number of layers results in a smaller 
η. However, after a certain number of layers, increasing the number of 
layers no longer significantly improves the total shielding effect because 
the radiative heat transfer has a fourth-power temperature dependence. 
η is also not affected by changing the spacer layer thickness. This is 
evident from Eq. (3), where Zj− k is independent of the thickness when 
the thermal conductivity is 0. 

3.2. Near-field Modeling 

The insulation for many meso-scale heat engines must be decreased 
to microns, which results in the insulation thickness shrinking to the size 
of the characteristic wavelength of blackbody radiation. When a heat 
source temperature increases to 600-1500 K, the characteristic wave
length of the blackbody radiation ranges at 4.8-1.9 µm, which is similar 
to the thickness between adjacent layers for a micro-fabricated MLI. 
Both phonon tunneling and the presence of evanescent waves should be 
considered when calculating the energy transfer through the insulation 
layer. Most MLI configurations must consist of highly reflective surfaces, 
such as metals or metal-like ceramics, such as TiN. The presence of 
surface polaritons also significantly contributes to the distortion of the 
calculation from far-field models. 

Many previous studies used the fluctuation dissipation theorem to 
elaborate the near-field radiative heat transfer [50–52]. Thermal radi
ation was modeled as electromagnetic waves resulting from stochastic 
currents induced by random thermal motion in materials. As the mate
rials used in this study are nonmagnetic, current sources were added to 
Ampere’s law and solved using the dyadic Green’s functions. The total 
heat flux between the two media can be determined using Eq. (6) [50]: 

qflux =
1
π2

∫ ∞

0
dω[Θ(ω,T1) − Θ(ω,T2) ]

∫ ∞

0
s(ω, β)dβ (6)  

where Θ(ω,T) is the mean energy of a Planck oscillator at frequency ω in 
thermal equilibrium, which is defined as: 

Θ(ω, T) =
ℏω

exp(ℏω/kBT) − 1
(7)  

where ℏ is the Planck constant divided by 2π, kB is the Boltzmann 
constant, and T is the absolute temperature of the source medium. The 
expressions of s(ω, β) for propagating (β < ω/c) and evanescent (β>ω/c) 
waves differ: 

sprop(ω, β) =
β
(
1 − ρs

01

)(
1 − ρs

02

)

4|1 − rs
01rs

02ei2γ0d|
2 +

β(1 − ρp
01)(1 − ρp

02)

4|1 − rp
01rp

02ei2γ0d|
2 (8a)  

sevan(ω, β) =
Im

(
rs

01

)
Im

(
rs

02

)
βe− 2Im(r0)d

|1 − rs
01rs

02e− 2Im(r0)d|
2 +

Im(rp
01)Im(rp

02)βe− 2Im(r0)d

|1 − rp
01rp

02e− 2Im(r0)d|
2 (8b)  

The first term on the right-hand side of Eq. (8) represents the contri
bution of the s-polarization or TE wave, whereas the second term rep
resents the contribution of the p-polarization or TM wave. Note that 
rs
0j = (γ0 − γj)/(γ0 + γj) and rp

0j = (εjγ0 − γj)/(εjγ0 + γj) are the Fresnel 
reflection coefficients for s and p polarization, respectively, at the 
interface between the vacuum and medium j (1 or 2). Furthermore, 
ρ0j= |r0j|

2 is the far-field reflectivity at the interface between the vacuum 
and medium j. 

The near-field heat flux was calculated by solving Eq. (6) using 
MATLAB software. The results were verified using the calculations of 
Zhang et al. to ensure that our calculations were accurate [54]. The 

calculation results are substantially coincident, as shown in Fig. S2. 
Fig. 2c depicts the near-field heat transfer between two ideal plates 
separated by a vacuum gap. The plates were maintained at 1400 and 300 
K, and the net heat flux for various vacuum gap distances was calculated. 
The heat transfer between the two blackbodies maintained at tempera
tures identical to those of ideal plates was also calculated for compari
son. In our simulation, the near-field heat transfer between the two ideal 
plates at a 1 nm gap was approximately two orders of magnitude larger 
than that between the two blackbodies owing to photon tunneling and 
surface waves. This result agrees with the theory of near-field radiative 
heat transfer separated by nanosized gaps. 

3.3. Comparison between near- and far-field models 

When near-field heat transfer affects heat transport in an MLI, its 
performance is expected to deteriorate because of the transfer 
enhancement between adjacent layers. Given the considerable chal
lenges associated with designing ultrathin insulators to withstand large 
temperature gradients, this study aimed to determine the point at which 
the heat effect becomes significant. This was achieved by analyzing the 
impact of the spacer layer thickness and heat source temperatures. As 
before, a metallic surface with an emissivity (ε) of 0.14 was used. Fig. 3a 
shows a comparison of the thermal radiation flux through the near- and 
far-field heat transfer models between the two ideal plates. In Fig. 3a, 
the near-field radiation through the MLI (4.28 × 106 W/m2) with a heat 
source temperature of 1400 K and a vacuum gap width (d) of 10 nm is 
two orders of magnitude higher than the far-field radiation (3.04 × 104 

W/m2) owing to photon tunneling and surface waves. The far-field ra
diation flux did not change with a changing vacuum gap width, as shown 
in Fig. 2b. The near-field effect gradually disappeared with an increasing 
vacuum gap width, and its performance approached its far-field values. 
Typically, there is a cross-point for each heat-source temperature 
beyond which the near-field influences completely vanish, and the far- 
field model can be safely used. The trend of the near-field radiation 
flux was consistent with that in previous reports [53]. For example, 
when the heat source temperature was 1400 K, the cross-point occurred 
at d = 0.8 µm, which is nearly half of the peak wavelength of the 
blackbody radiation. Furthermore, with a reduction in the heat source 
temperature, corresponding to the elongation of λT, the point of inter
section between the near- and far-field radiation heat fluxes shifted to
wards longer wavelengths. This observation corroborated the principles 
of the near-field radiation model. However, the crossing point of the 
near- and far-field heat fluxes at different temperatures was approxi
mately 8 µm when the number of MLI layers was 20, as shown in Fig. 3b. 
This can be explained by the outermost layer of the MLI having a similar 
temperature, regardless of the temperature of the heat source. Because 
the working mechanism of an MLI is to shield thermal radiation using a 
sequence of metal screens with decreasing temperatures, the outermost 
layers are mostly maintained at temperatures closer to the ambient 
temperature. Therefore, the gap size must be considerably larger than 
the peak wavelength to completely eliminate the influence of evanescent 
waves, leaving a negligible portion of the long-wave spectra; thus, a 
negligible amount of energy is transferred as evanescent waves. 

3.4. Impact of the finite conductivity of the spacer layers 

Ideal far- and near-field models cannot accurately predict the per
formance of an MLI because of the finite thermal conductivity between 
adjacent layers. Gradually decreasing temperatures across the MLI 
layers is one important criterion for blocking radiative heat transfer 
using reflective screens, and a spacer layer can decrease the temperature 
gradient through conductive heat transfer. The spacer layer is optimal 
for an approaching vacuum, as it has a low thermal conductivity and is 
transparent to thermal radiation. A thermal conductivity as low as 0.002 
W/m⋅K has been reported for aerogel thin films with a porosity of 99% 
[55]. Other common spacer materials, such as metal meshes and 
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powders, also use porosity to reduce conductivity. Materials with ther
mal conductivities of 0–0.02 W/m⋅K were used in the simulation for 
their potential impact, as shown in Fig. 3c and d. The dominant heat 
transfer mode exhibited non-trivial competition across the structure. 
The radiative shielding effect was generally only obvious when the 
thermal conductivity of the spacer was sufficiently small, such that no 
significant heat leakage occurred through conductivity. This criterion 
requires very small thermal conductivity values for very small spacings 
because maintaining a large resistance with a decreasing conduction 
path simultaneously requires small conductive values. Spacers with a 
thermal conductivity of 0.02 W/mK and thickness > 1 μ m exhibited a 
shielding effect. However, the heat transfer mode was still dominated by 
conduction, as observed from the differences with and without con
ductivity. As the thermal conductivity was reduced to 0.002 W/m⋅K, 
which is close to the experimental limitation, the far- and near-field 
radiation heat fluxes demonstrated remarkable similarity in their 
trends to approach the vacuum spacer levels. The near-field effect, 
which should manifest at d = 0.1 μ m, was negligible here because of the 
presence of finite conductivity. As the thermal conductivity of the spacer 
layer was further decreased, thermal conduction began to disappear, 
facilitating the emergence of photon tunneling, thereby inducing 
dominant near-field thermal radiation. However, such levels of insu
lating materials are not experimentally realistic, except when using a 
real vacuum, and the entire structure requires auxiliary support to be 
feasible. Therefore, the near-field thermal radiation in practical MLI 
materials with thermal conductivities > 0.002 W/m⋅K, even when d < or 
<< λT, can be disregarded. 

3.5. Meso-scale structure 

Gold exhibits high reflectivity and is an ideal reflective-layer mate
rial. However, its low melting point makes it susceptible to degradation 
at high-temperatures. TiN is a refractory ceramic transition metal nitride 
with a high melting point of 2930 ◦C. Furthermore, it has distinct optical 
features (gold-like materials with high reflectivity) and is unique in 
providing structural stability at high temperatures, making it a prime 
candidate for use as a thermal radiation barrier in this study [56,57]. 
TiN was used in this study to fabricate highly reflective screens in the 
MLI because of its high-temperature stability and compatibility with the 
microfabrication process. A silica fiber-based MLI material was con
structed using a 300 µm-thick silicon wafer coated with 207 nm-thick 
TiN layers on both sides as the reflective layer to verify our far-field 
model. The spacer layer was composed of layered silica fiber films 
with a tunable scale from micrometers to millimeters, as shown in the 
optical images in Fig. S3a and b. The thickness and thermal conduc
tivity of the silica fiber film was 160 µm and 0.06 W/m⋅K, respectively. 
Fig. S3c shows the porous structure of the silica fibers. The emissivity 
was measured using a customized high-temperature emissivity mea
surement system, as shown in Fig. 4a, which mainly consisted of a 
sample holder in a vacuum chamber, blackbody calibrator, and FTIR 
spectrometer. The vacuum chamber and blackbody were collocated on 
the same track. The platform was initially positioned adjacent to the 
blackbody, allowing the laser beam to be directed towards the black
body to capture the reference background. Subsequently, the platform 
was shifted to align the laser with the high-temperature sample in the 
vacuum chamber, thereby enabling collection of the thermal emissions. 
Fig. S4 shows the blackbody emissivity spectrum at 1100 ℃. The 
emissivity was 0.9985, which is approximately equal to 1.00 in the 

Fig. 3. (a) - (b) Near- and far-field calculation results for the radiation heat transfer through MLI structures with different heat source temperatures and vacuum gap 
widths at ε = 0.14: (a) N = 1 and (b) N = 20. (c) Far- and (d) near-field calculation results for the radiation heat transfer through MLI structures with different thermal 
conductivities and spacer gap widths; ε = 0.14, N = 20, and Theat source= 1400 K. 
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wavelength range of 2.5–12.5 μm, showing the reliability of our system. 
Fig. 4b shows the emissivity of the two- and eight-layer silica fiber-based 
MIL materials at 1400 K, and the average emissivity within the wave
length range of 2.5-12.5 µm was determined to be 0.18 and 0.12, 
respectively. Fig. S3e shows the emissivity measurement results of the 
207 nm-thick TiN film on a 300 µm-thick silicon wafer at 1400 K as 
calculated using the far- and near-field thermal radiations. The average 
emissivity within the wavelength range of 2.5-12.5 µm was determined 
to be 0.22. The inset of Fig. S3e shows the gold-like color of the TiN film. 

Table 1 presents the calculation results of the far-field model. The 
calculated η for the two- and eight-layer silica fiber-based MIL materials 
was 17.18 and 8.43%, respectively. The simulation results for the two- 
layer silica fiber-based MIL material agreed well with the experi
mental results, but those for the eight-layer silica fiber-based MIL ma
terial were slightly more optimistic than the experimental results. This 
small discrepancy may result from the more optimistic estimates of the 
material properties at high temperatures, which accumulate more for 
the eight-layer simulation. The experimental and simulation results 
were similar, validating the reliability of our calculation model. The 
designs listed in Table 1 show further optimization to achieve a better 
MLI performance. A simple increase in the number of layers can improve 
the thermal insulation performance of meso-scale silica fiber-based MLI 
materials. When the number of MLI layers was 14, the η value was only 
5.89%, exhibiting an excellent thermal insulation performance. An in
crease in the number of layers to 20 layers did not significantly change η, 
exhibiting a decrease of only 1.28%. The insulating effect of the MLI 
decreased with an ultimate heat leakage level of approximately 4-5%. 
From a manufacturing perspective, ten MLI layers with a thickness of 
approximately 4.6 mm should sufficiently suppress the leakage to <
10%. 

3.6. Micro-scale MLI structure 

Silica aerogel was chosen as the spacer material for the near-field 
model study owing to the low thermal conductivity and feasibility of 
the micro/nanofabrication of porous aerogels, as demonstrated in the 

modeling sections (sections 3.1 and 3.2). Silica aerogel films were pre
pared at ambient pressure using a sol-gel process followed by a simple 
dip-coating procedure [58]. Fig. S5a shows that a good linear relation
ship was achieved between the film thickness and the dip-coating time, 
exhibiting a high R2 value (R2 = 0.9977), revealing the controllability of 
the aerogel film thickness by the dip-coating method. The SEM image in 
Fig. 5b confirms the porous structure of our prepared 1 µm-thick aerogel 
film. The refractive index of the aerogel film was determined using 
ellipsometry, as shown in Fig. 5c. The porosity of the aerogel was 
determined to be 73% using the relationship (1.49 - naerogel) / (1.49 - 
nair), where naerogel and nair represent the refractive indices of the aer
ogel (n = 1.13 at 633 nm) and air (n = 1), respectively, and 1.49 cor
responds to the refractive index of the PECVD SiO2 film [59]. Fig. S5b 
shows the variation in the refractive index and porosity with changes in 
the film thickness. The refractive index or porosity of the silica aerogel 
films did not significantly change with respect to the film thickness. The 
refractive index and porosity remained constant at 1.13 (approximately 
73%) with a low relative standard deviation of 1.56%. 

Fig. 5a illustrates the silica-aerogel-based MLI material fabrication 
process. The increase in the inherent stress caused by an increase in the 
aerogel film thickness can result in film breakage [60]. Therefore, to 
further increase the thickness of the silica aerogel films, a 205 nm-SiO2 
film was deposited as an adhesion layer on the silica aerogel film using 
PECVD. A 2 µm-thick silica aerogel film was finally obtained as the 
spacer layer by repeating the dip-coating step. A 207 nm-thick TiN film 
was deposited as a reflective screen using magnetron sputtering, similar 
to the structure in the far-field verification. The resulting MLI material 
comprised two spacer and reflective layers. The silica aerogel-based MLI 
material exhibited excellent uniformity, as shown in Fig. 5d. Moreover, 
the layers were densely compacted with a total thickness of only 4.4 µm, 
minimizing potential gaps and consequently reducing heat radiation 
losses. 

The thermal conductivity of the micro-scale MLI structure was 
measured using the 3ω method by depositing a four-pad metal strip 
(1.38 mm-long and 52.4 µm-wide) on the sample [46], as shown in 
Fig. S6a and b. The thermal conductivity of the silica aerogel-based MLI 
material at room temperature was 0.34 W/m⋅K. Fig. 5e shows the 
emissivity of the two-layer silica aerogel-based MIL material at 1400 K, 
and the average emissivity within the wavelength range of 2.5-12.5 µm 
was determined to be 0.22. A high-temperature test was conducted at 
1200 ◦C for 2 h in a vacuum tube furnace. The silica-aerogel-based MIL 
material did not exhibit obvious cracking or collapse, as shown in 
Fig. S7, which demonstrates the excellent high-temperature stability of 
our silica aerogel-based MLI material. 

Table 2 presents the simulation results of the near-field model; the 

Fig. 4. (a) Schematic diagram of the high temperature emissivity measurement system. (b) High temperature emittance of silica fiber-based MLI materials with 
different layers. Inset is an optical image of the two-layer silica fiber-based MLI material. 

Table 1 
Verification of the far-field calculation model and optimal design of silica fiber- 
based MLI materials; Theat source = 1400 K, d = 160 µm, k = 0.06 W/m⋅K, and ε =
0.22.   

Verification Design 
N 2 8 10 12 14 16 18 20 

η 17.18 8.43 7.34 6.52 5.89 5.38 4.96 4.61  
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Fig. 5. (a) Flow chart showing the silica aerogel-based MLI material fabrication process. (b) SEM image of the 1 µm-thick silica aerogel film. (c) Refractive index 
spectrum of the 1 µm-thick aerogel film and PECVD SiO2 film. (d) Cross-sectional view of the silica aerogel-based MLI material. (e) High temperature emittance of the 
silica aerogel-based MLI material at 1400 K. Inset is an optical image of the MLI material. 
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calculated value was 21.98%. The measurement results and results of 
the simulation adopting both near-field radiation and finite conductivity 
exhibited good agreement. As predicted, the micro-scale MLI did not 
exhibit a performance similar to that of the meso-scale structure. 
However, the conductive effect, and not the near-field radiative heat 
transfer, is responsible for this impact. A spacer material with a signif
icantly lower conductivity must be incorporated into this structure to 
resolve this issue. Table 2 lists the design and optimal parameters for 
fine tuning. Conventional methods, such as increasing the number of 
layers, are not effective in this case. Increasing the number of layers to 
64, as compared with two layers, only reduces η by 1.02%. Reducing the 
conductivity of the spacer material and increasing the spacer thickness 
have a positive effect. However, achieving the desired results using 
single-parameter tuning is difficult. As shown in Table 2, η can be 
reduced to 14.46% if the thermal conductivity of the spacer material in 
micron-scale aerogel-based MLI materials is decreased to below 0.00034 
W/m⋅K, which means that the radiative heat transfer effect will exert a 
significant impact. This value is difficult to experimentally obtain, even 
with porous aerogels. A significant increase in the layer thickness will 
drive the design to the former case (mesoscale), resulting in bulky de
signs that impair portability. Therefore, better MLI materials can be 
prepared when the thermal conductivity, thickness, and number of 
layers are simultaneously optimized. As shown in Table 2, η can be 
reduced to 14.90% when the thermal conductivity is 0.034 W/m⋅K, 
thickness is 10 µm, and number of layers is 8. MLI materials with this 
geometry and characteristics can be feasibly fabricated. 

Finally, Table 3 compares the results and fabrication characteristics 
of this study with those of other state-of-the-art lightweight high- 
temperature MLI materials [16,38,61]. The thermal conductivities of 
the MLI materials were calculated using Fourier’s law of heat conduc
tion, as described in Eq. (9): 

k =
Q

ΔT
×

L
A

(9)  

where Q is the heat flux through the MLI, L is the sample thickness, ΔT is 
the temperature difference, and A is the sample area. Q was calculated in 
this study using the far- and near-field models, with units of W/m2, A = 1 
m2, and ΔT = 1100 K. Our experimental meso-scale MLI material ex
hibits comparable thermal conductivity to those reported in previous 
studies, although its thickness was only 24.5-36.8% of that of the MLI 
materials reported in previous studies. Remarkably, the thermal con
ductivity and thickness of the designed microscale MLI material are one 
and two orders of magnitude lower, respectively, than those in previous 
studies, which demonstrates its excellent potential for application in the 
thermal insulation of small-scale heat sources. 

4. Conclusion 

Small-scale MLI materials with excellent thermal insulation proper
ties were fabricated in this study. The conclusions drawn from this study 
include:  

1) Near- and far-field models were established to systematically analyze 
the influence of near-field radiative heat transfer on the thermal 
performance of the MLI by changing the number of layers, spacer 
layer thickness, and thermal conductivity of the spacer. When the 
spacer layer is a vacuum and its thickness is close to the character
istic wavelength of the heat source, near-field radiative heat transfer 
takes precedence. As the number of layers increases to 20, the tem
perature of the outermost layer of the MLI approaches the same value 
under different temperature heat sources, and the crossing points of 
the near- and far-field radiative heat transfers become close. As the 
thermal conductivity of the spacer layer increases, the proportion of 
near-field radiative heat transfer gradually decreases, and conduc
tive radiative heat dominates.  

2) The validity of the near-field model was verified using a 4.4 µm-thick 
two-layer aerogel-based MLI material, which retained 78% of the 
radiative heat at 1400 K. The optimized design can retain 85% of the 
radiative heat. The far-field model was validated using silica-fiber- 
based MLI materials, which demonstrated that an eight-layer silica 
fiber-based MLI material retained 88% of the radiative heat at 1400 
K. Furthermore, a 4.6 mm-thick ten-layer meso-scale MLI material 
retained 93% of the radiative heat. 

3) The thermal conductivity of our experimental meso-scale MLI ma
terial is comparable to that of the MLI materials reported in previous 
studies while being just 24.5-36.8% as thick. Surprisingly, the ther
mal conductivity and thickness of the designed micro-scale MLI 
material were one and two orders of magnitude lower than those 
reported in previous studies, which demonstrates the excellent po
tential for the efficient insulation of heat sources in small-scale 
power generators, such as radioisotope micropower systems and 
alkali-metal thermal-to-electric converters.  

4) This study demonstrates the feasibility of decreasing the size of an 
efficient radiative heat barrier to the micrometer scale, enabling the 

Table 2 
Verification of the near-field calculation model and optimal design of silica 
aerogel-based MLI materials; Theat source = 1400 K and ε = 0.22.  

Performance Evaluation 

Experimental verification Current parameters (k = 0.34 W/m⋅K, d = 2 µm, 
N = 2) 
Performance (η) 21.98 

Optimal parameter of choice Optimal parameter (k = 0.034 W/m⋅K, d = 20 
µm, N = 8) 
Performance (η) 14.90 

Parametric dependence 
Number of layers sweep (k = 0.34 

W/m⋅K, d = 2 µm) 
N = 8 N = 32 N = 64 
η = 21.88 η = 21.47 η = 20.96 

Adjacent layer spacing (k = 0.34 
W/m⋅K, N = 2) 

d = 20 µm d = 200 µm d = 2000 µm 
η = 21.83 η = 20.45 η = 14.32 

Spacer thermal conductivity (d =
2 µm, N = 2) 

k = 0.034 
W/m⋅K 

k = 0.0034 
W/m⋅K 

k = 0.00034 
W/m⋅K 

η = 21.83 η = 20.45 η = 14.46  

Table 3 
Comparison of some lightweight high-temperature MLI materials against that developed in this study.  

Refs. 16 38 61 This study 
(experimental) 

This study 
(designed) 

Reflective layer Gold-coated reflective 
foils 

Stainless steel foil ZrO2 powder-coated graphite 
paper 

TiN-coated silicon 
wafer 

TiN thin film 

Spacer layer Alumina fibrous Aluminum silicate fiber + silica 
aerogel 

Zirconia fiber Silica fiber Silica aerogel 

Thermal conductivity (W/ 
m⋅K) 

0.015 0.033 0.040 0.053 0.005 

Heat source temperature 
(K) 

1233 1273 1273 1400 1400 

Number of layers 4 15 10 8 8 
Total thickness (mm) 13.3 15.0 10 3.68 0.16  
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development of compact ultrahigh-temperature TPV systems as next- 
generation power sources. 
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