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Broadband electromagnetic absorption up
to 1473K enabled by dielectric frequency-
dispersion engineering in ceramic
composites

Bin Ren1, Yujun Jia1,2 , Lehua Qi 3, Qiangang Fu1, Yixiang Lin1, Hang Yu1,
Junjie Cheng1, Mengyu Dai1, Qiang Song1, Yulei Zhang1,2, Xianghui Hou 1 &
Hejun Li1

Rising vehicleMach numbers urgently necessitate broadband electromagnetic
wave (EMW) absorbers capable of operating at evenhigher temperatureswhile
maintaining environmental durability. However, Current high-temperature
EMW absorbing materials face the restriction and temperature-sensitivity of
dielectric frequency-dispersion (FD), which often forces reliance on complex
macro-structures to broaden effective absorption bandwidth (EAB). Here,
inspired by the concept of finite element method, we propose a controlled FD
regulation strategy to overcome this by employing multivariate ultra-high
temperature ceramic (UHTC) borides with tunable surface oxide thickness.
The fabricated material (without structural design) yields a broad EAB of
26.98GHz at just 2.8mm thickness, alongside environmental resistance. Cru-
cially, themultivariate polarization remains effective for FD regulation even at
1473 K, enabling our material to harvest an EAB of 10.26GHz after applying an
oxide layer, showing bright application prospects for the stealth of high-speed
vehicles.

Rising Mach numbers in high-speed stealth vehicles expose their
thermal components to extreme dynamic thermal environments, such
as higher operating temperatures and severe oxidation. These parts
are the main electromagnetic wave (EMW) scattering sources, which
must be suppressed to avoid exposure to modern multi-band elec-
tromagnetic detection systems1,2. However, aircraft exterior design
alone cannot achieve omnidirectional stealth under propulsion and
harsh environmental constraints, necessitating the development of
high-temperature electromagnetic wave absorbing (EMWA) materials.
Ceramic or ceramic-based composites, as conventional high-
temperature EMWA materials, inevitably face a challenge in match-
ing dielectric frequency-dispersion (FD) control with elevated

temperatures, severely restricting their EMW absorption performance
under higher temperatures (below 1000 °C at present)3–7. While
macro-structural designs (e.g., metamaterials) can enhance EMW
absorption bandwidth, their structural complexity impedes functional
integration in high-temperature components. Therefore, the funda-
mental issue lies in establishing an intrinsic FD engineering regulation
principle to stabilize dielectric response across a broad tempera-
ture range.

Theoretical calculations show that 99.999% absorption (reflection
loss (RL) values of−50dB) canbeachieved across the 1-4mmthickness
rangewhen the ideal real part and imaginarypart of permittivity (εʹ and
ε") values exhibit a rapid frequency (f) dependent attenuation. This
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characteristic enables a full-band absorption spanning 2-18 GHz at a
single thickness, as shown in Fig. 1a-f. Thus, the design of broadband
EMWA materials necessitates strong and strict FD features. Further-
more, ideal permittivity profiles highlight more pronounced FD char-
acteristics for εʹ than ε", indicating εʹ-f necessitates a steeper decline
rate. Debye theory (Supplementary Equations (1, 2))8 dictates that the
variation in εʹ values is governed by polarization mechanisms, while ε"
is co-governed by conduction loss part (εc

") and polarization loss (εp
").

The partial derivative of εc
" versus frequency decay is � σ

2πε0f
2. For

ceramic materials with low σ, the denominator predominates at 2-
18 GHz, resulting in a quite small magnitude of this attenuation. This
demonstrates that optimizing FD characteristics solely by changing
conductivity is infeasible, so the primary focus should be on mod-
ulating polarization loss. TheDebye theory elucidates that polarization
mechanisms and polarization relaxation time (τ) directly govern the
variations of permittivity εr. As the frequency of the external electric
field increases, electronic and dipolar polarizations fail to synchronize
with the alternating field, resulting in a frequency-dependent reduc-
tion in practical permittivity9. Furthermore, by independently tuning
ε∞, εs, and σ parameters in Supplementary equations (1, 2), we plotted
the relationship between εr and τ, as shown in the normalized Fig. 1g. It
is apparent that increasing τ enhances FD characteristics of εr (Fig. 1h),
progressively approaching ideal permittivity profiles (Fig. 1a, b).
Therefore, strategic τ tuning and polarization enhancement are
potential approaches for optimizing FD behavior.

Heterogeneous interface engineering10–13, particularly the con-
struction of Schottky interfaces via conductor-semiconductor
integration14–16, provides a straightforward pathway for enhancing
interfacepolarization effects. Thework function (WF) difference drives
directional electron migration at the interface, resulting in an uneven
charge distribution and strengthened polarization17. However,
achieving stringent FD requirements remains challenging with single
or dual-component systems. Inspired by finite element analysis (FEA)
method, finer meshing will yield results that converge towards the
exact solution, providing a close approximation to reality. Therefore,
we propose increasing the number of absorbing components (analo-
gous to increasing the number of finite elements), which leverages the
distinct dielectric properties of individual components to synergisti-
cally optimize the composite’s FD properties, thus gradually
approaching the ideal dielectric FD profile and achieve the desired
frequency response (Fig. 1i). Guidedby this concept, we selectedmulti-
component ultra-high-temperature ceramic (UHTC) borides (ZrB2,
TiB2, NbB2, HfB2, and TaB2) as the absorbing phase. Their unique
dielectric properties (Supplementary Fig. 1) alongside excellent ther-
mal stability, oxidation resistance, and ablation resistance18 ensure
composite compatibility and stability in extreme environments.
Additionally, the integrated multiphase absorber system can further
enhance polarization effects and EMW energy dissipation19,20.

In this study, we propose a feasible strategy for dielectric FD
engineering modulation from room temperature (RT) to high-
temperature conditions by computationally designed composites of
polymer-derived SiOC ceramic (PDC-SiOC) and multi-borides (MB).
Strategic tuning of MB ratios and surface oxide thickness prolongs τ
and strengthens polarization effects, thereby optimizing the dielectric
FD behavior. The fabricated MB/SiOC system achieves an ultra-broad
effective absorption bandwidth (EAB) of 26.98GHz with a thickness of
2.8mm. Notably, multivariate polarization and thermal stability of the
MB absorber enable the multiphase-modulation mechanism for
broadening EAB via FD to remain effective even at 1473K, maintaining
an EAB of 7.54GHz (within a 2-18GHz range). The EAB further increases
to 10.26GHz after applying an antioxidant layer, surpassing the repor-
ted high-temperature EWMA materials. This work provides a mean-
ingful insight into the rational design of high-performance wide-band
EWMA materials suitable for extreme high-temperature environments.

Results and Discussion
Design and Simulation
The permittivity of multi-component composites is intimately influ-
enced by the dielectric properties of their constituent and corre-
sponding volume fractions, as expressed in Supplementary Equation
(3)21. Thus, to determine the optimal content of each UHTC boride, a
thorough analysis of thephysical features of variousUHTCborides and
their corresponding composites is performed. Figure 1j and Supple-
mentary Fig. 2 present the X-ray diffraction (XRD) patterns and
micrographs of pristine UHTC borides (ZrB2, TiB2, NbB2, HfB2, and
TaB2), revealing that the nanoscale ceramic powder is encapsulated by
an amorphous B2O3 layer formed during raw material synthesis, as
shown in Supplementary Equations (4-7). Following the incorporation
of 40wt. % (optimal ZrB2 content for EMWA22) mono-component
boride absorbers into polysiloxanes (PSO) and subsequent pyrolysis at
1000 °C, a series of ceramic composites were synthesized (named as S-
boride-40, with S representing the SiOC), with their composition and
EM properties illustrated in Supplementary Figs. 3, 4. The samples
exhibit a narrowEABwith a sample thickness exceeding 8mm,which is
influenced by the amorphous B2O3 layer on the UHTC borides that
hinders electron transport and reduces the EWM attenuation cap-
ability. To facilitate the electron transport, all raw powders were sub-
jected to high-temperature treatment (600 °C for 3 h in Ar), labeled as
ZrB2′, TiB2′, NbB2′, HfB2′, and TaB2′, respectively. As observed in Fig. 1k,
l, and Supplementary Fig. 5, the thickness of the amorphous B2O3 layer
on the boride powder surfaces decreased obviously following heat
treatment, which is beneficial in reducing the hindrance to electron
transport and enhancing electrical conductivity (Fig. 1m, n).

The treated mono-component UHTC borides (40wt. %) were
compounded with PSO to fabricate a series of composites (labeled as
S-boride′-40), and the electromagnetic (EM) properties are shown in
Supplementary Fig. 6 (a-h). All samples exhibit an increased complex
permittivity and improved EMWA performance, attributed to the ele-
vated conductivity (Supplementary Fig. 6i) and more obvious FD fea-
tures in their permittivity. Notably, the position of the relaxation peak
in ε" for the S-boride’-40 ceramic composites shows a distinct shift
compared to the S-boride-40 samples. According toDebye theory, ε" is
co-governed by εc

" and εp
". To further observe the change of relaxation

peak position, we separately calculated the contribution of εc
" and εp

"

by Supplementary Equation (2). The results, shown in Supplementary
Figs. 7a, b and 9a, b, reveal that the primary relaxation peak in εp

" of the
S-boride′-40 composites shifts towards lower frequencies. Theoreti-
cally, this peak shift signifies a change in the τ, which can be deter-
mined using Supplementary Equation (8)23. The calculated result
indicates that the τ for the S-boride-40 samples were 12.21 ps, 11.50 ps,
13.17 ps, 9.80ps and 10.69 ps (Supplementary Fig. 7c). In contrast, for
the S-boride′-40 composites, the high-frequency relaxation peak
diminished and shifted to lower frequencies, with corresponding τ
values increasing to 23.13 ps, 13.08 ps, 16.31 ps, 12.20 ps, and 12.67 ps
(Supplementary Fig. 9c). Furthermore, the time-domain spectra
for these samples were plotted and fitted, and the τ obtained from
this analysis exhibit similar values (Supplementary Figs. 7d, e, 8,
and 9d, e), which strongly supports the reliability of the calculated τ
values.

First-principles calculations were employed to investigate the
underlying mechanism responsible for the interfacial interaction
influencing τ across different B2O3 thicknesses (using ZrB2/B2O3 as an
example). We conducted two heterointerface models for ZrB2 with
different B2O3 thicknesses, labeled as ZrB2/B2O3 (thin) and ZrB2/B2O3

(thick), and calculated their interfacial adsorption energies (Eads), as
shown in Supplementary Fig. 10a. The Eads of -0.305 eV/Å² for ZrB2/
B2O3 (thin) is significantly lower than that of -0.148 eV/Å² for ZrB2/B2O3

(thick) heterointerface, which indicates that reducing the B2O3 thick-
ness enhances the attractive interaction at the ZrB2/B2O3 interface and
leads to stronger interfacial binding. The dipole moments and

Article https://doi.org/10.1038/s41467-025-67003-0

Nature Communications |          (2026) 17:318 2

www.nature.com/naturecommunications


a b c d

e f

g h

j

k

l m n

1 2 5 8 10 20 50 80 100
(ps)Time r r

i
f

Lower

f

Higher

5 nm 5 nm5 nm 5 nm 5 nmTiB2 NbB2

Before

5.83 nm

8.72 nm
6.28 nm

7.33 nm

4.76 nm

ZrB2 HfB2 TaB2

2 nm 2 nm 2 nm 2 nm 2 nm

After
2.16 nm

1.94 nm 1.92 nm

2.04 nm

2.75 nm

Before After

Amorphous B2O3 layer
TransportHinder

Amorphous B2O3 layer

Boride ceramic B2O3 layer Electron

Fig. 1 | Basis and schematic diagram for multi-component controlled FD fea-
tures, and characterization of UHTC borides before and after heat treatment.
a,bThe simulated ideal rangeof εʹ and ε" values corresponds tomaterial’s thickness
from 1 to 4mmwith an absorption efficiencyof 99.999%. c−fTwo-dimensional (2D)
RL projection achieved with a specific thickness (1−4mm) of the simulated per-
mittivity, where the red dotted line represents RL = −10 dB. g The calculated real
and imaginaryparts of the normalizedpermittivity atdifferent τ from 1 ps to 100ps.

h, i Schematic diagramof FD features influencedby τ and the permittivity regulated
by multiple components. j, k TEM micrographs of the UHTC borides before and
after heat treatment. l The statistical chart of the amorphous layer thickness before
and after heat treatment. (Data are shown as mean ± s.d. from n = 8 independent
samples).m, n Electrical conductivity (Data are presented asmean± s.d. from n = 4
independent samples) and electron migration schematic between two boride
particles before and after heat treatment.
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corresponding polarizability of two models under varying external
electric field strengths were calculated, as depicted in Supplementary
Fig. 10b-d. The results demonstrate that the ZrB2/B2O3 (thin) hetero-
structure consistently exhibits a larger dipole moment and higher
polarizability under the varying electric fields. The reduction in B2O3

thickness induced by heat treatment strengthens the ZrB2/B2O3 het-
erointerfacial interaction. This enhanced interaction promotes greater
interfacial charge separation and increases the interfacial dipole
moment, thereby extending τ and resulting in more pronounced
dielectric FD characteristics.

Subsequently, we modulated the content of mono-component
UHTC absorbers in SiOC ceramic to 50wt. % and 60wt. % (labeled as S-
boride′-50 and S-boride′-60, respectively), the corresponding permit-
tivity and EMWA properties were measured and illustrated in Supple-
mentary Figs. 11 and 12. Based on the EMW absorption results of S-
boride′ ceramic composites, the optimal mono-component UHTC
boride contents are identified, namely ZrB2′-40 wt. %, TiB2′- 40wt. %,
NbB2′-50 wt. %, HfB2′-50 wt. %, and TaB2′-60 wt. %, and this series of
components is denoted as S-boride′-A. Subsequently, the volume
fraction in each component of SiOC-multi-boride′ (S-MB) ceramic
composites was calculated using commercial Matlab software,
guided by the ideal permittivity (Fig. 1a, b) and the acquired complex
permittivity of mono-component S-boride'-40/50/60 ceramic
composites (detailed information is shown in Supplementary Table 2).
To elevate the calculation accuracy, the frequency range was
narrowed to 6-18 GHz, and the results obtained from this range will
serve as the basis for subsequent experiments. The reason for using
the 6-18 GHz range and an in-depth analysis of the calculation
process are available in the Supplementary Figs. 13-16 and Supple-
mentary Table 1.

Preparation and Structural Analysis
Based on the simulated results in Supplementary Table 2, the S-MB
ceramic composites were prepared, which are labeled as S-MB-40, S-
MB-50, S-MB-60, and S-MB-A, respectively. The detailed preparation
process is illustrated in Fig. 2a. Liquid polysiloxanes pyrolyzed at 1000
°C were employed to construct a transparent matrix, MB absorbers
were uniformly dispersed within the SiOC matrix to assist in estab-
lishing a conductive network, facilitating the effective EMW absorp-
tion. The crystal phase composition of the samples was analyzed using
X-ray diffraction (XRD), as depicted in Fig. 2b. The crystallization of
PDC-SiOC ceramic is incomplete at 1000 °C, leaving an amorphous
phase without distinct diffraction peaks in the XRD patterns. Mean-
while, the XRD refinement exhibits diffraction peaks of multivariate
UHTCborides (ZrB2, TiB2, NbB2, HfB2, and TaB2), alongwith calculated
weight fractions consistent with the experimental data in Supple-
mentary Table 3.

In addition, the information about the carbon structure change in
the S-MB ceramic composite was analyzed by Raman spectroscopy,
demonstrating the similar orderliness of the carbon phase in various
samples (detailed in Supplementary Fig. 17). Furthermore, the detailed
microscopic morphology of S-MB ceramic composites is shown in
Fig. 2c and Supplementary Fig. 18, disclosing the presence of multiple
pores amidst the SiOCmatrix. During the transformationprocess from
polymers to ceramics, the rapid release of gaseous byproducts can
induce local pressure imbalances, resulting in stress concentration and
the development of pores during material shrinkage. Backscattered
electron microscopy (BSE), Energy dispersive spectroscopy (EDS)
mapping, and point analysis proved the well-defined MB absorbers
within the SiOC ceramic (Fig. 2d and Supplementary Fig. 19). Syn-
chronously, Computed Tomography (CT) was employed to observe
the spatial distribution of SiOC ceramic, pores, and MB absorbers
within the S-MB-A samples (Fig. 2e). The CT cross-section image and
corresponding enlarged view reveal that the MB absorbers are uni-
formly distributed in the SiOC ceramics.

Electromagnetic parameters and EMWA performance
Figure 3a–c show the permittivity of the S-MB ceramic composites
over the frequency range of 2–18GHz. Gratifyingly, the S-MB
samples exhibit obvious dielectric FD features superior to those of
S-boride′-40/50/60 ceramic composites containing mono-component
absorbers, which proves the efficacy of our approach to enhance the
dielectric FD properties of composites through the synergistic inter-
action of MB absorbers. The S-MB-50 and S-MB-60 samples exhibit
lower permittivity values, attributed to their higher porosity (Supple-
mentary Fig. 20). Furthermore, the MB absorbers provide various
heterogeneous interfaces that facilitate space-charge accumulation
and improve dielectric loss capacity, evidenced by the high tan δε
(Fig. 3d). Cole-Cole curve was drawn according to Debye’s theory and
Supplementary Equation (9) to analyze the dielectric loss
mechanism24, as interpreted in Fig. 3e, f. All S-MB samples display clear
semicircles in Cole-Cole plots, with varying radii, reflecting their mul-
tiple polarization relaxation processes within the ceramic composites.
Additionally, Cole-Cole plots reveal distinct linear segments (red lines
in Fig. 3e, f) corresponding to conduction loss25. This type of loss pri-
marily originates from migrating and hopping electrons within the
electronic transmission channel of MB absorbers, which converts the
EMW energy into thermal energy via ohmic dissipation. To further
determine the contribution of the conduction loss and polarization
loss, we calculated the εc

", εp
", and their proportions on the basis of

Supplementary Equation (2) and imaginary permittivity of the S-MB
ceramic composites26, as depicted in Fig. 3g, h and Supplementary
Fig. 21a, b. The results clearly demonstrate that polarization loss
dominates the attenuation mechanism, with its contribution progres-
sively increasing at higher frequencies. Notably, the S-MB composites
provide significantly stronger polarization attenuation compared to
mono-component boride ceramic composites (Supplementary
Fig. 21c), attributable to the abundance of heterogeneous interfaces
introduced by the incorporated MB. Theoretically, such intense
polarization processes are accompanied by relaxation phenomena as
the frequency of the external electric field increases. The interfacial
dipoles fail to follow and respond effectively to the oscillation fre-
quency of the external field, leading to a decrease in the real permit-
tivity and consequently enhanced dielectric FD characteristics27.

Importantly, we observed shifts in the primary relaxation peak
position in the εp

"-f relationship of the S-MB samples. The S-MB-40
sample exhibits its primary relaxation peak at 10.72 GHz, resulting
from abundant interfacial and dipole polarization. Changes in the
polarization process induced by increasing MB content cause the
relaxation peak to shift to 9.68GHz for S-MB-50 and 8.88GHz for S-
MB-60. The S-MB-A sample displays a sharp relaxation peak at
5.20GHz. By employing Supplementary Equation (8), we determined
the corresponding τ as 14.85 ps, 16.44 ps, 17.92 ps, and 30.61 ps,
respectively (Fig. 3i). The time-domain spectra and fitted results are
presented in Supplementary Fig. 22, along with high coefficients of
determination (R2 > 0.95) support the reliability of the acquired τ
values. Owing to the synergistic regulation mechanism of the MB and
significantly prolonged relaxation time, the S-MB-A exhibits the most
prominent dielectric FD features, corroborating our computational
optimization results.

To comprehensively observe the heterogeneous interfaces within
the ceramic composites, the detailed microstructure and lattice
information of the S-MB samples were analyzed using high-resolution
transmission electron microscopy (HRTEM) (Fig. 3j). Obviously, SiOC
ceramic predominantly exhibits an amorphous phase, evidenced by
the corresponding fast Fourier transform (FFT). The EDS mapping
analysis (Supplementary Fig. 23) and the enlarged high-resolution
images (Regions 2-6) reveal well-defined heterogeneous interfaces.
Furthermore, the corresponding indexed FFT patterns confirm the
presence of MB phase, with measured interplanar spacings of
0.275 nm, 0.325 nm, 0.205 nm, 0.214 nm, and 0.266 nm,
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MB) ceramic composites. a Schematic illustration of the synthesis route for the
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image. e CT analysis of S-MB-A, where black represents the S-MB-A sample, blue
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corresponding to the (100) plane of ZrB2, (001) of TiB2, (011) of NbB2,
(101) of HfB2, and (100) of TaB2, respectively. These high-density het-
erogeneous interfaces are pivotal in enhancing interfacial polarization
and modulating dielectric FD features.

Subsequently, the types of high-density heterogeneous interfaces
and corresponding electronic transfer mechanisms are explored. In
this study, MB is regarded as possessing conductor properties,
whereas SiOC ceramic pyrolyzed at 1000 °C demonstrates semi-
conductor properties28. According to solid-state band theory, the dif-
ference in WF between the conductor and the semiconductor
profoundly affects interfacial electron transfer in heterostructures29,30.
Theoretically, establishing the Schottky interface first necessitates that
the WF of the conductor is lower than that of the semiconductor,
implying a lower energy requirement for electron transfer from the
conductor to the external vacuum31. Additionally, the conductor’s
Fermi level (EF) should be situated between the conduction and
valence bands of the semiconductor32,33. When both conditions are
met, a Schottky contact forms, enabling spontaneously electron
migrate from the conductor to the semiconductor, resulting in self-
driven charge redistribution at the heterogeneous interfaces. Based on
this theory, the WF and band gap of the PDC-SiOC and MB absorbers
were measured, as depicted in Fig. 4a, b (detailed calculations in
Supplementary Figs. 24, 25). The results confirm that the WF of PDC-
SiOC is 3.58 eV, apparently higher than that of UHTC borides', thus
meeting the first requirement. Furthermore, taking ZrB2′ as an exam-
ple, its band gap is only 0.45 eV, while that of PDC-SiOC is 1.88 eV. This
satisfies the condition that the EF of ZrB2′ resides within the band gap
of PDC-SiOC (Fig. 4c). Consequently, when PDC-SiOC and ZrB2′ are in
contact, a Schottky contact forms, and the energy bands of SiOC bend
upwards to align with the EF of ZrB2′. This alignment facilitates the
spontaneous transfer of electrons from ZrB2′ to SiOC, creating a rapid
electron transfer pathway that leads to electron redistribution at the
heterogeneous interface. Importantly, the MB fulfill the criteria for
creating Schottky heterointerfaces when contacted with the SiOC
ceramic, thereby establishing multi-Schottky heterojunctions within
ceramic composites. The face-to-face contact between SiOC and MB
absorbers induces directional electron transfer from theUHTCborides
to SiOC, along with generating extensive space-charge regions and the
built-in electric field (BIEF), as shown in Fig. 4d14. When subjected to an
applied alternating EM field, the accumulated and unevenly dis-
tributed charges undergo forced rearrangement, aligning them with
the direction of the external EM field34,35. Consequently, the polariza-
tion relaxation processes arising from both the BIEF with distinct
orientations and the applied EMfields establish a dynamic equilibrium,
which results in the violent dissipation of EM energy. This intensified
polarization relaxation mechanism not only strengthens the EM
response after the formation of Schokkty heterointerfaces but also
improves the dielectric FD characteristics of the composites36.

Density functional theory (DFT) was employed to investigate the
charge density distribution at the heterogeneous interface between
SiOC, B2O3, andMB (ZrB2 as an example) to verify the aforementioned
electron transfer mechanism. The crystal structure of ZrB2, B2O3, and
SiOC (depicted in Supplementary Fig. 26a) was employed to construct
theZrB2/B2O3 andB2O3/SiOC interfacialmodels, followedby geometry
optimization of both interfaces. The charge is redistributed at the
interface, which results in electron accumulation at the B2O3 interface
and electron depletion at the ZrB2 interface (Supplementary Fig. 26b).
Synchronously, the charge density difference and corresponding 2D
projection illustrate the electron transfer from B2O3 to SiOC (Supple-
mentary Fig. 26c). These results are consistent with previous analyses,
confirming electronmigration from theMB to the SiOC ceramic. Based
on these findings, Fig. 4e analyzes the charge transfer mechanism
within the BIEF under an applied external electric field. Due to the WF

differences and the driving force (FS) originating from Schottky con-
tact formation, directional electron migration occurs at the MB/B2O3

and B2O3/SiOC heterointerfaces, generating a spontaneous BIEF37.
When the applied electric field aligns with the BIEF direction, the
driving force of the external field (FE) causes the electrons initially
concentrated on the B2O3 and SiOC side to dissipate gradually and
migrate to the opposite direction. This migration process is impeded
by the driving force FS from Schottky contact formation, establishing
an oscillatory polarization relaxation process for space charges under
the alternating electricfield. Conversely,when the applied electricfield
opposes the BIEF direction, the driving force FE enhances charge
separation. Electrons tend to accumulate towards the B2O3 and SiOC
side until a new dynamic equilibrium is reached with the opposing
force (FB) from the BIEF38. Consequently, the most efficient interfacial
polarization occurs when the direction of the applied EMWaligns with
the spontaneously formed BIEF direction. The S-MB sample possesses
abundant heterointerfaces. The cumulative effects of the polarization
relaxation processes occurring between the BIEF at these interfaces
and the external EM field is capable of causing significant dielectric FD
behavior and intense dissipation of EMW energy.

To further validate this effect, the EMWAperformanceof the S-MB
ceramic composites was evaluated based on the transmission line
theory (expressed by the Supplementary Equations (10, 11))39, as
shown in Fig. 5a–d. Benefiting from the strengthened FD features and
robust cooperative loss capability of MB, the S-MB samples harvest
excellent EMW absorption performance. Specifically, an EAB of
10.08GHz can be achieved for sample S-MB-Aat a thickness of 2.8mm,
spanning the entire X, Ku bands, and part of the C band. Interestingly,
our results are almost consistent with earlier computational predic-
tions (Supplementary Fig. 16l), validating the significant role of multi-
variate absorbers in synergistically tuning the dielectric property of
the composites and expanding the EAB. Moreover, samples S-MB-40,
S-MB-50, and S-MB-60 also exhibit good EMW absorbing ability, with
EAB values of 8.48GHz, 8.88GHz, and 6.48GHz at a thickness of
2.4mm, 3.2mm, and 3.2mm, respectively. Simultaneously, a much
lower minimal reflection loss (RLmin) value of -49.05 dB, -57.02 dB, and
-46.70 dB is obtained at a thickness of 2.1mm, 6.4mm, and 3.1mm,
respectively (Supplementary Fig. 27a).

Generally, excellent absorption performance always means good
impedance-matching (Z) and strong attenuation constant (α)40, which
can be expressed by the Supplementary Equations (12, 13)41. As
depicted in Supplementary Fig. 27b, the α for S-MB samples exhibits a
progressive increase with frequency, only displaying minor variations
in α values. Therefore, impedance-matching (Z) emerges as a critical
factor in determining the EMW absorbing ability. The impedance-
matching degree (Δ) was often selected to characterize the impe-
dance-matching, as explicated in Supplementary Equations (14-16)42. In
general, │Δ│ < 0.4 should be considered as ideal impedance-
matching43. Supplementary Fig. 28 displays the 2D projection of Δ
values corresponding to the ideal permittivity in the 1-4mm thickness
range. The results demonstrate that the dielectric constantwith robust
FD characteristics, which is typically accompanied by strong EMW
absorption and favorable impedance-matching capabilities, enables a
broad │Δ│ <0.4 region spanning the entire 2–18 GHz under single-
thickness conditions. As a consequence, the modulation of dielectric
FD characteristics is beneficial for obtaining optimal impedance-
matching, thereby achieving broadband EMW absorption. Notably,
Fig. 5e–h reveals that sample S-MB-A occupies a larger area (│Δ│ <0.4)
within the same thickness range. Furthermore, S-MB-A demonstrates
more pronounced FD features and superior attenuation ability, thus
achieving optimal EMW absorption. To further verify the potential of
the S-MB ceramic composites for practical applications of stealth
technology (Fig. 5i), the Radar cross-section (RCS) simulation was
conducted using CST Microwave Studio. The RCS value (σ) can be
determined by theta and phi in spherical coordinates, which can be
described in Supplementary Equation (17)44. Based on the obtained EM
properties and parameters, the simulation model was established
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(Fig. 5j), which features a perfect electric conductor (PEC) plane with a
3D dimension of 180×180×0.5mm and surface-coated with different
S-MBEMWabsorptionmaterial. Utilizing a planewave as the excitation
source, with the theta (θ) swept from -90° to 90°, and the specific
frequency points of simulation are depicted in Supplementary Table 4.
The stealth performance is obtained and depicted in Fig. 5m, n.
Compared to thepurePECplate, theRCS signal is significantly reduced
after integrating with S-MB materials, with noticeable attenuation in
the radiation structure and color change, indicating a substantial dis-
sipationof EMWenergy. Figure 5k illustrates the specificRCSvalues for
the S-MB-coated sample across the angle range of -90° < θ < 90°. The
average RCS values are consistently below -20 dBm2, in contrast to the
pure PEC plate, with concrete reduction values shown in Fig. 5l. These
results are consistent with excellent absorption properties obtained
above, highlighting the considerable potential of S-MB ceramic com-
posites for both civilian and military applications.

Thermal, chemical stability, and high-temperature EWM
absorption properties
To evaluate the application potential for S-MB ceramic composites in
harsh environments, the stability of S-MB samples was systematically
investigated in high-temperature oxidation (1473 K) and acidic condi-
tions (PH= 1),withdetailedprocedures provided in the Supplementary
information. As depicted in Supplementary Fig. 29a, b, post-oxidation
macroscopic images of sample S-MB-A at different temperatures
reveal negligible alterations, indicating a maintained structural integ-
rity. Meanwhile, the weight variation curves of S-MB samples remain
stable at 1073 K, demonstrating good thermal stability. Beyond this
temperature, a minor mass increase was observed in the samples,
suggesting oxidation reactions that capture atmospheric oxygen45.
High-temperatureXRDwas employed to analyzephase transformation

in sample S-MB-A (Fig. 6b), with the major diffraction peaks of MB
gradually diminishing above 1073K, accompanied by the formation of
SiO2 and multi-oxide derivatives of MB. Supplementary Fig. 30a pre-
sents the SEM and BSE images of the sample S-MB-A after oxidation in
air, revealing the formation of a molten phase encapsulating the MB
absorbers. EDSmapping analysis confirms the enrichment of Si, Ta, Hf,
Nb, andOelements in these regions, demonstratingmultivariate oxide
formation. In addition, the RL values of the samples after oxidation
were evaluated (Supplementary Fig. 30c–f), revealing a little reduction
in EWM absorption performance. Despite this, the EAB for samples S-
MB-40, S-MB-50, and S-MB-A is 6.24GHz, 6.40GHz, and 7.28GHz, at
thicknesses of 2.9mm, 3.0mm, and 3.9mm, respectively. This reten-
tion of absorption properties is attributed to the role of the multi-
variate oxide phase (Supplementary Fig. 31) in inhibiting oxygen
diffusion, preventing the ceramic composites from being further oxi-
dized, and preserving the multivariate polarization impacts of MB
absorbers for dielectric FD control. Furthermore, these oxides typi-
cally exhibit lower permittivity, promoting the impedance matching
with air and facilitating EMW penetration into the composites for
absorption46. Simultaneously, we evaluate the stability of S-MB mate-
rials under strongly acidic conditions, as shown in Supplementary
Figs. 29c and 30b. Both the relative mass and microstructure of sam-
ples remain almost unchanged, revealing the chemical stability of the
UHTC boride ceramic and SiOC. As depicted in Supplementary
Fig. 30g–j, the EMW absorption performance of the samples remains
stable, with an EAB of 9.80GHz at a thickness of 2.8mm for sample S-
MB-A.

Finally, a plate made of S-MB-A material with a standard size of
180mm × 180mm was fabricated to assess the EMW absorption per-
formance from RT to 1473 K (Fig. 6c). Figure 6a presents a reflection
curve of the S-MB-A plate at room temperature, with an EAB of
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Fig. 4 | Formation of Schottky Heterointerface and mechanism underlying
interfacial charge transport. a, b The work function (WF) and band gap (Eg) of
SiOC and UHTC borides, respectively. c Schematic illustration of electric transport
before and after contact, where Evac, EF, Ec, and Ev represent the vacuum level, Fermi
level, conduction band, and valence band, respectively. d Schematic diagram
illustrating that the WF difference between PDC-SiOC and UHTC borides leads to

the formation of a space charge region and the associated built-in electric field
(BIEF) at their heterogeneous interface upon contact. e The schematic illustrates
the mechanism underlying interfacial charge transport in scenarios where the
applied electric field is oriented along and opposite to the original BIEF. FS, FE, and
FB represent the driving force from the Schottky contact, external field, and BIEF,
respectively.
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26.98GHz within the frequency range of 2-40GHz. Compared with
other recently reported EMA absorption materials without 3D struc-
ture design, the S-MB-A plate not only illustrates an ultra-broad
absorption but also has a thinner thickness (only 2.8mm) (Supple-
mentary Fig. 32 and Supplementary Table 5). Evaluating the EMW
absorption performance of the materials over various incident angles
is important for assessing their suitability in complex EM environ-
ments. Hence, we altered the angle between the two horns to observe
the absorption changes. The S-MB-A plate maintains consistent per-
formancewithout notabledeteriorationup to40°, displaying excellent
stability (Supplementary Fig. 33). The high-temperature EMW
absorption performance of the S-MB-A plate was measured in the

frequency range of 2-18 GHz, and the detailed testing process is shown
in Fig. 6d. Figure 6e shows the high-temperature RLvalues of the S-MB-
A plate from RT up to 1473K. Exhilaratingly, the sample can maintain
stable absorption of 12.03GHz up to 873 K. As demonstrated in Sup-
plementary Fig. 34a, sample S-MB-A still exhibits pronounced dielec-
tric FD characteristics at an elevated temperature of 873 K. This
observation highlights the retained efficacy of multivariate polariza-
tion effects in MB for regulating dielectric FD behavior under high-
temperature conditions (Supplementary Fig. 34b–d), which is pivotal
for enabling EMW absorption at elevated temperatures across a wide
frequency range in sample S-MB-A. Additionally, the EAB of the S-MB-A
plate can reach 7.54GHz when the temperature reaches 1473K.

a c d

e f g h
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Radar wave 

emission

-45
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0
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Target

n

Fig. 5 | EMW absorption properties and RCS reduction simulation of S-MB
ceramic composite. a−d 2D RL projection of S-MB ceramic composites, where the
red dotted line represents RL = -10 dB. e−h 2D impedance matching degree (Δ)
projection of S-MB ceramic composites, where the Δ <0.4 represents the ideal
impedance-matching. i, j Schematic diagram of target detection for aircraft by

radar and simulation model, respectively. k RCS simulation curve compared to
pure PEC substrate. l RCS reduction at specific angles. m, n 3D RCS value and
corresponding 2D projection plots for the PEC substrate covered with S-MB
materials.
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Oxidation of the MB absorbers at elevated temperatures leads to
reduced absorption in mid-frequency (X band). To address the per-
formance degradation observed in S-MB-A plate, we proposed apply-
ing an anti-oxidation layer on the surface of the S-MB-A sample, as
illustrated in Supplementary Fig. 35a, b. High-temperature dielectric
and RL values (Supplementary Fig. 35c–f) demonstrate the remarkable
thermal stability of the S-MB-A sample at 1473 K, with the oxide layer
providing effective thermal protection. Fitting of the polarization loss
indicates that themultivariate polarization effects arising from theMB
remain operative even at 1473 K, resulting in dielectric properties that

retain FD characteristics. Consequently, the S-MB-A plate maintains an
EAB of 10.26 GHz at 1473 K, demonstrating a corresponding
enhancement. To the best of our knowledge, the EMW absorption
performance of S-MB-A plate surpasses other reported absorbing
materials and achieves a breakthrough in absorption temperature (up
to 1473 K). This represents a record, as shown in Fig. 6f (the relevant
data are summarized in Supplementary Table 6).

Figure 6g elucidates the EMW absorption mechanism of our
materials in harsh environments in detail. The engineered creation of
multiple Schottky heterointerfaces drives directional electron
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Fig. 6 | The EMW absorption performance and loss mechanism of S-MB-A
material from RT to 1473K. a The RL values in 2-40GHz at room temperature.
b high-temperature XRD pattern of sample S-MB-A. c Photos and specific size.
d Photos of the high-temperature testing process. e The RL values as the tem-
perature increases from 298 K−1473 K. f Comparison of high-temperature EMW

absorption performance among recently reported literature5–7,47–69. g Schematic
illustration of the multiple EMW attenuation mechanisms and FD regulation of S-
MB-A material at RT and 1473K. g-1 Mechanisms of EMW attenuation and FD reg-
ulation atRT.g-2Mechanismsof EMWattenuation and FDpreservationat 1473 K.g-
3 S-MB-A composite exhibits oxidation resistance and corrosion resistance.
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migration, resulting in an uneven distribution of interfacial charges.
These non-uniform charge distributions synergistically enhance the
dynamic polarization process and dielectric FD characteristics, ulti-
mately facilitating the EMW energy dissipation. Moreover, the elec-
tronic transport channel among the MB absorbers offers effective
pathways for electron migration, encouraging the creation of con-
duction loss and facilitating EMW energy attenuation as heat. At high
temperatures, the development of the oxide layer inhibits further
oxidation of the ceramic composites, thereby retaining the multi-
variate polarization effects of MB absorbers for dielectric FD regula-
tion and preserving the EMW attenuation capabilities. Benefiting from
the above attenuation mechanisms, our ceramic composites maintain
excellent EWM absorption capabilities when exposed to high-
temperature oxidation and acidic environments. Hence, this con-
firms the reliable performance of the EMW-absorbing materials
designed based on multicomponent UHTC borides in harsh condi-
tions, highlighting their potential as high-performance radar-absorb-
ing materials for extreme environmental applications.

In summary, an effective solution for enhancing EMW absorption
bandwidth by improvingmaterial dielectric FD features is proposed in
this work and validated by fabricating S-MB ceramic composites. By
constructing multiple Schottky heterointerfaces and leveraging
synergistic effects among MB absorbers, the relationship between
permittivity and frequency of the studied materials is effectively
regulated, with an ultra-EAB of 26.98GHz at a thickness of 2.8mm,
simultaneously with satisfactory oxidation and corrosion resistance.
Remarkably, the S-MB-A plate maintains distinguished EMW absorp-
tion even at a temperature of 1473 K, with an EAB of 10.26GHz fol-
lowing application of an antioxidant layer, exceeding the previously
reported high-temperature EMWA materials. Additionally, RCS simu-
lation highlights the radar stealth potential of our material. This study
not only offers reasonable insights for tuning the FD characteristic of
EMWA materials but also provides valuable theoretical and technical
guidance for the development of wide-band stealth materials in harsh
environments.

Methods
Materials
All the chemicals used in our experiments, including polysiloxanes
(PSO, colorless transparent liquid, density 0.992-0.994 g/cm3, viscos-
ity 70-120 mPa∙s, ceramic yield > 78% at 1000 °C), Zirconium boride
nanopowders (ZrB2, 99.9%), Titanium boride nanopowders (TiB2,
99.9%), supported by the Institute of Chemistry, Chinese Academy of
Sciences; Niobium boride nanopowders (NbB2, 99.9%), Hafnium bor-
ide nanopowders (HfB2, 99.9%), Tantalum boride nanopowders (TaB2,
99.9%), were commercially purchased from Shanghai Chaowei Nano
Co., Ltd; ethanol (99.7%), provided by the Sinopharm Chemical
Reagent Co., Ltd. Boron oxide powders (B2O3, 99.9 %), Silicon oxide
powders (SiO2, 99.9%), Alumina powders (Al2O3, 99.9%), and silica sol,
supported by the Tianjin Damao Chemical Reagent Factory.

Preparation of S-boride′ ceramic composites
S-boride′ ceramic composites were prepared by a precursor con-
version method. First, the boride nano-powders (ZrB2′, TiB2′, NbB2′,
HfB2′, TaB2′) with different weight ratios of 40 wt. %, 50 wt. % and
60wt. % were dispersed evenly into the liquid polysiloxanes. Sub-
sequently, the polysiloxanes precursor initiated addition reactions
under the catalysis of dicumyl peroxide (DCP) at 160 °C for 2 h under
an air atmosphere to form a 3D polymer network. After that, the
cross-linked products were mixed with ethanol and ball-milled to
powders. The as-prepared powders were then dried in an oven and
cold-pressed into coaxial rings (Фin = 3mm, Фout = 12mm) under a
pressure of 5 KN. After pressing, the samples were pyrolyzed at
1000 °C for 2 h in Ar atmosphere to obtain S-boride ceramic
composites.

Preparation of S-MB ceramic composites
S-MB ceramic composites (S-MB-40, S-MB-50, S-MB-60, and S-MB-A)
were fabricated by a precursor conversion method. Firstly, various
boride powders were mixed according to the calculated ratios and
uniformly distributed in liquid polysiloxanes. Subsequently, the SiOC
precursor was cross-linked at 160 °C for 2 h in an air atmosphere to
construct the 3D polymeric network containing MB absorbers. After
that, the product was ball-milled and sieved through a 200-mesh
screen. Then, the as-prepared powders were pressed into ring-shaped
samples (Фin = 3mm, Фout = 12mm) under a pressure of 5 KN. Finally,
the samples were subjected to a heat treatment at 1000 °C for 2 h in an
Ar atmosphere to obtain S-MB ceramic composites.

Preparation of the S-MB-A plate
The mixed powders were cold-pressed into a metal mold at 5 KN,
followed by demolding. The resulting plate was pyrolyzed at 1000 °C
for 2 h under an Ar atmosphere and the S-MB-A plate was obtained.

Characterization
The phase composition of all samples was characterized by XRD
(X’Pert Pro, Philips, Netherlands). SEM (FEI, NANOSEM450, USA), EDS,
and TEM (FEI, Talos F200X, USA) were employed to analyze the
microstructure and morphology. Ultraviolet photoelectron spectro-
scopy (UPS) was employed to characterize theWF of SiOC and borides.
Ultraviolet-visible spectroscopy (UV-vis) was used to characterize the
bandgapof SiOC andborides.Direct current (DC) conductivity (σ) was
measured by Source Meter instrument (Keithley 6514). The sample
surface was coated with a carbon point and connected to the Source
Meter instrument using Pt wires to obtain the resistance. A vector
network analyzer (VNA, MS4644A; Anritsu, Japan) was
employed to record the electromagnetic parameters (complex per-
mittivity (εr = ε′-jε″) through the typical coaxial-line method in the
frequency range from 2 to 18GHz. Before detection, all samples are
machined into standardized specimens (Фin = 3.04mm, Фout = 7mm).
Additionally, the Vector network analyzer (VNA, N5225B; Germany)
was used to record the room temperature RL values and high-
temperature RL values through the arch-testing method at the fre-
quency range from 2-40GHz and 2-18 GHz, respectively. A robotic arm
was used to manipulate the high-temperature furnace chamber above
the sample surface for heating. The sample was held for 10min at
temperatures consistently 50 °C above each target test temperature to
compensate for surface cooling during furnace retraction. The sample
temperature was monitored in real-time using a thermocouple con-
tacting the sample directly through a central aperture in the stage. RL
values were measured at 473 K, 673K, 873 K, 1073 K, 1273 K, and
1473K. The full measurement procedure is schematically shown in
Supplementary Fig. 36. At last, the EM parameters in X and Ku bands
were measured by the waveguide method. The data were collected
when the waveguide cavity was heated to 873K and 1473 K.

Data availability
All data needed to evaluate the conclusions in the paper are presented
in the paper or the Supplementary Information. Additional data rela-
ted to this paper may be requested from the authors. Source data are
provided with this paper.
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