£ & 143

Opto-Electronic Engineering

Article
2026 £6 A, % 53 %, £ 6 A

B
OEE |
4
N AR S A A=
kS ECT A

R

ER IS e T TR R, SR HERT 232038
23 P T 2 BE AU 5 e ST R AR, e TR 232038

/A —

Absorption>90%
0.8 |

Bandwidth=8.53 um

Absorption
o o
EN )}

—A
—R

o
N}

8 10 12 14 16 18
Wavelength/um

FE: KA POROMEE, Easbmit. LG FHRRABNAEZLAEH . AXLLL S EEEMAEHAN
RPN R A, R T — AP ER K bR BN XM T FH B E . 7B R # T2 1A SipN,-Ti-SipN,
ZRMHENEIR, HELE SN, ANARETHRANTI BAELEH, 28 50K RO ARXLEELEH, THZKIETRIK
HRARABMAE, ZRKB KL FE RN B RGTLME, £792~16.45 yum HKEE A, FILELTH
4 90% AL, 32 e R L 2] 8.53 um. BB, A TSI, IR R EUR AT A TOKE T, 60°R S &1
T, TMAE X5 TE 4 X 49-F B E 5 A 2 90% Ao 76% . FEAMW R, ZBM B TSI E, 284
Bk @% iR TR (LSPR). BRIk B AL & @ 5 & % LR (PSPR) 910 R ABA1E Mo #7692 &Rl
B, ZBOR R AL AL, LINRA ., wIME R AR AR B B AR

KA AAH: BME: b TRR

The English title and abstract appear at the end of the paper.

DOI: 10.12086/0ee.2026.260052 | CSTR: 32245.14.0ee.2026.260052 | HESHS: 0431 | EHFIRAD: A

W, . KIKLLAM B ARG S 20 RIS As 33T [J]. JGHL T2, 2026, 53(6): 260052
Shen X B, Wang Y. Design of high-efficiency metamaterial absorber with embedded structure for the long-wave infrared region[J].

Opto-Electron Eng, 2026, 53(6): 260052

It

1 3l

KW LA (Long-wave infrared, LWIR, 6~18 um) 1E
R OB, ELsh g . BAssm . KEH
REYEHA R e S AU A S A RS LrAg
WOk 32 RAIRMERL L S BOARNE R RS20, 3173k T

ETE . JERCE L M URSE R AR, R R —

IR SLICHY A BRI ES (metamaterial absorber, MA) A]
18 3 % 1 45 B TR LR (surface plasmon resonance, SPR)
SRR R, (R R AR el D S A B PR

i, TEER I S N R i R R

VB —Fh B i SR A E5 # N T r i aA ol
BRI SRS I BT BTG S A 1Y S 0 L BOR G %
REAS ST AR MER L RE IR AR, AT Sk S 21 4
W RFFRE T 845, H Landy 58 ATE 2008 4F 15 YK 5K
PRSI U B30T 5 SE WML FRL R i AR, iR gE
i Z IR RIS . A BB T Sl
AL SRR, B T T R RS (14 IR
H¥Efg. BN, Qin S AR TFIIERES, IKIEAHE
FRHEF B TRILE (propagating surface plasmon resonance,

WisHER: 2026-02-15; 1&EIHE]: 2026-04-27; FMAHAH: 2026-04-30; Mgk HEA: 2026-06-25
E&WE: AR HRFEIS (62366015); ZHAHE T HARREIFRE KT H (2025AHGXZK20085); LHA MK T & 4FHIM & W B
(YQYB2025028); ERGIITEA=BEALHRII H (2025HX478, 2023hsjyxm04)

*BIE{EE: T4, yangwang91@163.com
WA B 5©2026 H [E B} e B £ ARWF5E

260052 (Page 1 of 12)


https://doi.org/10.12086/oee.2026.260052
https://cstr.cn/32245.14.oee.2026.260052
mailto:yangwang91@163.com

YN, 4. St T, 2026, 53(6): 260052

https://doi.org/10.12086/0ee.2026.260052

PSPR) 5 e & 55 B AR (localized surface plasmon
resonance, LSPR) MREELE], 7ELLAMNIBL (7.5~13.25 pm)
WARTE T 91.7% BT ok =", Liang 25 AT
—Fh Cr-Ge-Si;N,-Ti 4K T F 45/ AT BRI IR, 2565
PIFEN TS SPR MUFNEAE, IR S % 7.23 um
(8.98~16.21 um)™", Hou % AT i) 4 P 21 A B, i i
XFEARAHR . LSPR S5ikAi B-H1% (F-P) HARA=C Bk
BRI E G A A RIS, 7E 6~14 um UK
BENSEIE 85.3% MU-F-IMIARHCR ,, FEAE 7~13 pm {EH N
PP R TEE 91.29%"", Chen % A3t T —Fhidk
Tk 4510 = 2 (Ti-Si-Ti) A BRI es, %
FREEAE 6.1 pm A1 19.2 pm PRANFAE D K AL A9 IR CR 43 51
iK% 97.05% F198.95%. K5, MbA1 3 FIH PSPR R
JARFEA B S ALRE (Si0,) BIANEM A, it th—
Fh B &G A 45 48 1Y DY 2 (Ti-Si-Si0,-Ti) W Y #%
7.5~13.25 pum P BE N AT S2EE 91.7% (14357 2 W i sk s 2,
Jia % iR T8 i A AL EE (SiNL) BRHG £ 2 #i A8 25
Myveit, SEPLT 7.15~31.62 pum i BE P WL i 3 it
90%"", TR, 5T 5 AR A AR AR A A
Bl (VO,), FIFH PR AL BTS2 B0 AR R0 398 58 I SO - X6F
TSRS I8k B A T4

SR, H H S8 @ AR SR B T T = KA
Pk . H—, 2807 £M0 2 R IE IR ST i1
R (N2 . ZBIEEH), K7 ] A AR il i R
JCRGE, AR oA & R, o REZ)2
SR P A VRSO PR A VR A — e R R 1 Tk
IR e, (A Z SRS S BRI T
2%, BRI TR ™Y =, o mbERERs 1
ATl 5 T MO Bt A SR AR (N L AR, il AR R Y L
AP bR 220 T BRI T S R A KRR T AR
AR

EExt Bk g, T 2RI A 5 EZ AN U2
PO LS, A BHPTVCECHEE, R —Fh e il
A 202 28 AR RS o 1% MR 3 IR 0T
Si,N, %59 . TifE ) Si,N, SIS, HAE L2
Si;N, WAL Ti RIAESE . o, a2 EiEiRpocy
AR TT, FEW K T [N & LSPR
PSPR J st d4iz , S0 22 JLdR G 1 Sty & n o L,
KA Ti-SiN, B A 450, 5] AR/ B E 5L SiN, JZ2 55
PFES)E Ti )2, Hrp Ti)20THg5% SPR 371 Jm sl R 40 A
73, Si;N, JZ 38 1 AAFE W I % fig 2 A %00 4R B8

I, i P Z AR TR IE Bt st Ak
RS SHAE . 5, EBEITES B DX PR BT,
PRUEM A 0°~60° A S A Y B OIE A IS ASESR, , i
AESL IR IR A B R 2R

2 FINRTSWMREE

MR AT WU AE R RIS, ISR (4) TR
NN A=1-R-T, Hiv THI R 5351015 5 R 5 5K,
AR, MR B W S B T el s S N B RN, A
PEFF WS B A ek AR R S i S P R AR
S, A T AMEI RIS B SR, AR TifE A
Ji§, HIEREE R 200 nm, ZEEHEE T ASHE ] 5FE
MVREE, IR BN T=0, EMAAIET, WIRER M)
W ARk AT i1kl A=1-R, AIEFHPIICH IS, K&
SR AT 5 oy

R(w) =

2

Z(w) -7,
Z((,l)) +Z0 ’
Horb: w g AR, Z RESHBEAT, Z, o H %S [ BE
Pio Wl SR Tl il 280 SRR, Hakik
ﬁyg[ssax}

(1

ifl .
Sll =S22 = z(z —Z)sm(nkd) N (2)

1
Sy=8i=

i 1 ’ ®)
cos(nkd) — 3 (Z + 5) sin(nkd)

2 @2
Z:ZM0=1 G+szsﬂ, (4)
ZO (1_511) _Sgl

Hr: n kF0d 53 AR BT 5% R R
Siiv Spv S K Sy BIRBES, S RIFRE I 12 1
RSTREC, VIS RNIE [ G R4t ks ]
A, Y Z=zZ, BRI SRR S A A R BE TS R
VERECIRAS, X0 A MR nT SO EARE 1, sk mT LA
B, WAL Z (Z=2+jz", Hrh 2/ RS, 20N
FRE B (0 BCEL B 230 1, WG 1Y) BEL e DG e s 2R A
Mz T 1 H Z T o i, RS E R AR,
FL B I8 P i A PR 1t 2 38 28 RO R, DATI (A A
SRS AE WS RS S5 AL N BRI, WSRO e A . TR,
W SR P LA o PR HE RS A 5 US4, St I —
FEBAPLSEHB 5 AR, HE X e S5k, A
EEYE GEATE N SCEEBON E 75 i BV B R, AT A

260052 (Page 2 of 12)


https://doi.org/10.12086/oee.2026.260052

YN, 4. St T, 2026, 53(6): 260052

https://doi.org/10.12086/0ee.2026.260052

1 I B N ) e SO AL o

SRS F R IR LSS NI 1(a) B, HCEATTE5 4 4 A
W% P, BRITESH R B IEAE 1(b) FE 1(c) PR, 1%
WIS B AZ U 548 R = 29 -4 J& - B 4544 (Si;N,-Ti-
Si;N,), =GR Hy o Hy B H,, X T A
Rk . BKER ER AR . R R
Hw (I 1(b))o A, %= )2E5H TR T B ACRER P 5
RS Z I, HILR MR EE 53124 400 nm Fl
100 nm, AN, i) Ti 2R AAT PUAS Ti BAE, 5]
M ERAN D. R H, (5 1(c)o XFR ARG B
Si;N,/Ti ST Hy 2V T ik 5 722 Sy = 4 53 A i (AR A 422
fil, WERGR TR, AT &R A MR E
WERAR G BT, TR ST S AE . R,
AT H 7 H, DR AR 5008, AT Sk
WA 1 48 T T 0 SRR PR AR o R AT 80 R 22 43 O vk
(finite-difference time-domain, FDTD) 434/ W W %) I A
PERE, x 5y W AR, 2 T e SRR L=

A3 1R Palik™ Fl Kischkat™™, ASHGRHEmDE, B
KA 7~18 um, mesh %8 K 3 nm., WU L[S
BORETEIL R 1o A, Prise it Wl ds i il & i fe an
K1) fiis e B, SRINREEIR A Ti LR FAK
WU SN, )2 5 Ti )2, 38 i G2 H AR 20k B Ti
BIAERES ; BEfS, FROOR R4 O SiN, 2, JF
T BIDEZ) T 258 M A R 91 4574

3 RS

3.1 R SHIIE 4

TS, BRI T I W S R A BRI I A SR
TR BIPERE . NP 2(a) Bz, AR B0 S
TE 8.61 um., 14.76 pm F1 15.27 pum P AL 53591 5 30 H 2
R K 99.5% . 99.9% Fl 99.8% Hy W s Ii% . It Ah, 7E
7.92~16.45 pm 35 Fl N, 3% WA A9 TR SCR0OR 3 v T
%%,Hﬁ%ﬁtﬁ?o XoF b B W AT AT 9 K 8.53 pm.

(perfectly matched layer, PML), Ti 5 Si,N, WM BIZE X — @ RIBCRH 8 780 AR T2 ISCEe 7 rh 208k Be vy
b Cc
Si,N,
: \ H o \ H‘
/ H/l
Hst
H,
d Magnet‘ron I\S/Ipaugttn:ir:g
sputtering  »
Photolithography l
|- l
I ll l | || l Photolithography | || ‘l : | ”' I Magnetron 1 ‘| H | H H
05 | ANy [l | sputtering H| | ‘ |
A I e | \ HHI
B 1 BB LM, (a) TUREMFILH; (b) EasH; (0) ETBHMALE; (d) 54 ifLrER

Fig. 1 Absorber structure. (a) Absorber array structure; (b) Absorber unit structure; (c) Side view of the unit cell; (d) Schematic of the fabrication process

1 HAB 6 TUT A%

Table 1 The optimized geometric parameters of the absorber

P/um D/um W/um Hy/um Hy/um Ha/um Ha/um L/um

1.8 0.2 1.4 1.2 0.7 0.2 0.2 0.7
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Fig. 2 Absorption spectra and equivalent parameters. (a) Absorption spectrum; (b) Relative impedance spectrum; (c) Effective permittivity;

(d) Effective permeability
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Fig. 3 Electric field and magnetic field distribution diagram. Top-view | E| distributions on the x-y plane of the upper Si;N, surface at wavelengths of (a)

8.61 um, (b) 14.76 um, and (e) 15.27 um, respectively; Electric field distributions of the unit cell on the x-z plane at the corresponding wavelengths of (d)

8.61 um, (e) 14.76 um, and (f) 15.27 um, respectively; Magnetic distributions of the unit cell on the x-z plane at the corresponding wavelengths of (g) 8.61

um, (h) 14.76 um, and (i) 15.27 um, respectively
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Fig. 4 Absorption and average absorption at different polarization angles. (a) Absorption spectra; (b) Average absorption curve
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Fig. 5 Oblique incidence spectra under different modes. (a) TM mode; (b) TE mode
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Table 2 Comparison of this work with previous work

Band range with

Incident angle

Ref. ) Average absorption Polarization insensitivity Materials
absorption >90% (average absorption)
94% 60°
[19] 7.5~13.25 um Yes Ti/Si/Al
(7.5~13.25 um) (TM 90%, TE 70%)
94 Cr/Ge/SisN,/Ti
20 8.98716.21 um 60° Yes r/Ge/Si i
(201 " (8.98~16.21 pm) }
[21] 9~10.6 11.5~13 85.3% N Ti/S
1 ~10.6 um,11.5~ m — o i/Si
K W (6~14 pum)
94.5% 60°
[56] 8~14 um Yes Ti/Ge
(8~14 um) (TM 82%, TE 80%)
91.9% 60° e
This work 7.92716.45 um Yes Ti/SisN,
(7~18 pm) (TM 90%, TE 76%)
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Abstract

Objective Long-wave infrared (LWIR, 6-18 pum), as the core band of the atmospheric window, holds significant potential for applications
in fields such as infrared imaging, target detection, solar photothermal power generation, and electromagnetic stealth. Traditional infrared
absorbing materials, limited by the intrinsic electromagnetic properties of natural materials, generally face technical bottlenecks including
narrow bandwidth, large thickness, and angle sensitivity. As an artificial composite material with subwavelength periodicity, metamaterials
can break the limit of electromagnetic regulation of natural materials by precisely designing the equivalent permittivity and permeability of
the unit structure, thus paving a new way for broadband infrared absorption technology. Researchers have gradually expanded the
absorption bandwidth and performance of metamaterial absorbers through strategies such as coupling of multi-resonator units, design of
composite dielectric layers, and optimization of topological structures. Nevertheless, the design of broadband metamaterial absorbers still
faces three core challenges: first, most design schemes rely on the planar integration of multi-sized resonant units (such as multi-ring and
multi-disk structures), and such horizontal integration tends to increase the unit cell size, which is unfavorable for device miniaturization;
second, although multi-layer structures can improve absorptivity and broaden the bandwidth to a certain extent through resonant coupling,
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an excessive number of structural layers complicates the device architecture, hindering its engineering applications; third, the fabrication of
some high-performance devices depends on noble metals (e.g., gold and silver), resulting in high manufacturing costs and poor scalability,
which limits their large-scale engineering applications. Therefore, this work aims to design a metamaterial absorber with a simple structure,
high absorptivity, and broad operational bandwidth, which is expected to have important practical application prospects in infrared
imaging, infrared stealth, infrared sensing and other fields.

Methods To address the above issues, a broadband high-absorption embedded multilayer metamaterial absorber is proposed based on the
concepts of multimode resonance coupling, composite dielectric layer regulation, and impedance matching theory. First, through the design
of multilayer resonant units and embedded cylindrical structures, localized surface plasmon resonance (LSPR), propagating surface
plasmon resonance (PSPR) and cavity resonance are simultaneously excited within the subwavelength unit, enabling broadband
superposition of multiple resonance peaks. Second, a Ti-Si;N, composite structure is adopted, which introduces a low-permittivity Si;N,
layer and a high-loss metal Ti layer. The Ti layer enhances the local confinement of the surface plasmon resonance (SPR) field, while the
Si;N, layer broadens the bandwidth through intrinsic absorption and energy coupling effects. Meanwhile, the optimized impedance
matching design for the two material layers effectively reduces interface reflection loss. Finally, the centrosymmetric design of the unit
structure ensures excellent absorption performance over an incident angle range of 0° to 60°, satisfying the angle adaptability requirements
in complex application scenarios. The finite-difference time-domain (FDTD) method is used to analyze the absorption performance and
explore the physical mechanisms underlying the broadband high-absorption characteristics, providing a theoretical basis for the design of
the absorber.

Results and Discussion The resonant unit of the metamaterial absorber consists of stacked Si;N,, Ti, and Si;N, rectangular layers, with Ti
cylindrical structures integrated within the upper Si;N, layer. FDTD simulations show that the absorption spectrum of the absorber exhibits
absorption peaks of 99.5%, 99.9%, and 99.8% at wavelengths of 8.61 um, 14.76 um, and 15.27 pm, respectively. In addition, the absorber
maintains an absorption of over 90% in the wavelength range of 7.92 pm to 16.45 pm, corresponding to an absorption bandwidth of 8.53
um, and exhibits excellent impedance matching within this band. The absorber features polarization insensitivity, with an average
absorption of 91.9% across the 0° to 90° polarization angle range. This polarization insensitivity is mainly due to the structural symmetry of
the designed absorber, which results in similar optical responses at all polarization angles, thus reducing the influence of polarization angle.
Furthermore, the absorber exhibits wide-angle absorption characteristics; under 60° oblique incidence, the average absorptivity for the TM
and TE modes remains at 90% and 76%, respectively. Mechanism analysis demonstrates that the broadband and high-absorption
characteristics of the absorber mainly arise from the synergistic coupling of LSPR, cavity resonance, and PSPR.

Conclusion Based on multilayer stacked structures and impedance matching theory, a broadband high-absorption metamaterial absorber
is designed, whose unit consists of a three-layer Si;N,-Ti-Si;N, stack with Ti cylinders embedded in the upper Si;N, layer. The high-loss
metal Ti can excite SPR to enhance broadband absorption, and Si;N, exhibits favorable intrinsic absorption and SPR coupling effects in the
infrared band; thus, the Ti-Si;N, composite structure achieves improved absorption efficiency and a broadened absorption bandwidth.
FDTD simulations show that the designed absorber exhibits excellent absorption performance in the 7 pm to 18 um band, with an
absorption rate exceeding 90% in the wavelength range of 7.92 pm to 16.45 pum, corresponding to an absorption bandwidth of 8.53 um. The
adoption of a symmetric patterned structure design endows the absorber with polarization insensitivity, and the average absorption rate
remains at 91.9% at all polarization angles. In addition, the absorber also demonstrates excellent wide-angle absorption performance; under
60° oblique incidence, the average absorption rates of the TM and TE modes reach 90% and 76%, respectively. Mechanism investigation
demonstrates that the broadband and high-absorption characteristics of the absorber mainly arise from LSPR excited on the surface of Ti
cylinders, cavity resonance between units, and PSPR at metal-dielectric interfaces. The coupling between various resonances further
enhances the absorption performance and broadens the absorption bandwidth. This absorber integrates the excellent properties of
broadband absorption, high absorption rate, polarization insensitivity, and wide-angle absorption, showing potential application value in
fields such as energy harvesting and optical detection. It also provides an important reference for the structural design and performance
optimization of broadband high-absorption metamaterial absorbers in the infrared band.
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