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Fig.2  Three-dimensional metamaterials!®-*?: (a) absorption spectrum for the multiple-layer pyramid metamaterial absorber;

(b) truncated- cone-type metamaterial absorber; (c) multi-layer plasmonic structure; (d) circle-rectangle resonator metamaterial;

(e) conceptual illustration of two reverse modes——absorber and reflector using origami-based stretchable metamaterial; (f)

metallic resonator structure and a metal ground-plane complex metamaterial
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Fig.5 Reflectance spectra for the flexible THz absorber under
different bending status: (a-c) schematic diagrams of
different bending tests for the Thz absorber at 30°(a),
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angles); (d) measured power absorptance within 0.1-2.5
THz for the THz absorber with different bending angles
from 30<t0 90!

JE V% FoK RE G S B shas i, A R i e 3 45 1
PIX — S B AR AR . Feng 2P0 T an i 6 pror
(10 B3 A 48 2 o R 2 %) A S8 0 T R R A R R R A
7 1.10~1.86 THz S8 90% LA W s, H 7 1.23~1.68
THz Wi R ik 99% A b o i B FiL AT LA R A7 58 475
R A o i R SR Sl iR A= T YN ]
S5 TR RE A R R AL R R R ), T L G 4 A R
FRAE, FRAE T 72 060N S I CR A R 4 IR IR AU At 5 12 o
Xu 2PE A B 2 i N 9 B AR R S IR SR 2
B — )2 E0 AT SO A%, T O IR E AT RO 5 Ik
4.8 THz, HAETE 3~7.8 THz SLH i I 5 5 e W WA A =
MYk, REZEHES MR BBA 8P % T Ry
A7, AR SR i) JoR B R R kA PR ) 87 o
PRI ER o AR R B X R A ) o A TR R 5 g 1 RN
(P e T2 B 9, 78 o0 R FH ST T 25 A R AR 2
L % JEHE B 5] R BT RN

RO, B A RHR R AR PR 52 P b
SR R CARIE TN 2 BRI R . R,
BRI MR RS T T B A R B
B PE . BT S BT IR BN I A B R BR A
M DS B8 AN 22 B, R 2 X — KM AT A
DA LB (1 £ A 0 2 000U B AR I L AT 5 1k

6 A sk A AU B AR R
Fig.6 Schematic diagram of the designed broadband absorber (a);

the geometrical parameters of the GCRC metamaterial

absorber (b-c)i?%

MG FLIRB AR AT Ry e T B A AR AR D X
Ky BAE,  HET 58P B A TR R 22 AT
RBOEAE CLRE #f P i S5 i B30, A6 HL =3 45X — g 1k
FREEGENB . REwt, THz /ENERITa /b
TR MR B, BE5E T A 8 I WROBOE M RHE AL P = 5 40
IR Fry 2R o7 162631,
2.2 IKEBHMR

YER = RN AT R, 7K BT R4 16 AR 0 e
B IR mECHEM Z R . AT R
FEAR B AR LR (A Jy OBARAE, K I mo i
PEAE LN g stal i 2D o B, IF HAR s A
FEBE5E 1B Jul — AR A ) ) B R A . LA
FEATL I 32 B RS T 70 1 A Ak DL AE HORE IR UK T 1 5
R R 51 % 1A e i g o4 e IR B I A L RO 3
e IEY) A B Debay 2 X755

&(M)-¢e.(T)

eT)=¢ (o,T) +TT(T) (4)
A, e Ml e 0 BN FRS RN B 2, « A efe ot
B, T AWBIRE, oNMImE,

KA M Hs A K T o b, BA
R 1R A EBCRE 1, S8 HG A TR0 D B L A 5 B Bt DL
P 4 2 1 (%0

K REFR AN, A H REA R 78 R (R Tl & 4
TE 3D FTENHAR I B HE T S I AR A ARE X LS IR 00 W 38
AR Zhang 259 3D TENHISR T “57 TR
FR(PLA)MIEIE, ¥ /KHE NG RELE 9.3~49 GHz i 90%
DALt Fa Bt . Chen 06178 BEAERE b3t — 2544k, FIH
IREE RIS RN, @I R FLER 3D TR 1 an &
7a 1 Model _IV 8L & 2= I IR 25 44 /K S8 A1 R}, AR T4



%5 3

FBEEE T T AN FRRR R I A LT TUiE

- 861 -

FINZE X A-45H4 Model_ITT, HAG %005 M 18.4~67.1 GHz
¥9i %) 9.6~98.9 GHz, iEHA T INIAJT 4544 J5 11 2 3%
PRI G Be A R s Oy, FEAE 0~100 CRILH
RAF I RARE M. X155 T H ARG M SR 1 22 T L4l
B, ORAN TKTE I BT AU W 2 5 SO 98 55 51
FEC PRI 0% 1 B R ik o X T K 22 B i v B AR PR W U8
MR, R 2 A AR I TR 3 i 2 2 Tt e, KR
FE AL R g LG A R R T # R MR IE T Kl TAE
AR T ALRE . X —4F R KGR RH R T RAF 2040
Ba s PERE. Gao 2 NTNE It b /K RE B AT RE 5 0 [ 28
E L AP R AZ B SE 73X — 45 5 Lu S0 i BAT RE
SERIIE AR IR E R, TE 7.28~28.22 GHz 23 90%
DL WG, AT SRFLER, ARGFHRI A T KBS ek,
A AT T LA PR . Li 25N T R e 4R
JEAR 23 0 AT /K SE A B, DU S i M 4 L T T2
A, TR T g “ BRI BIRH. 8RBk
90 (0 TAEAR R HbHE S T /K S A R AR I 5, 2
S B e ) AR B A1 28 R e R R S AR AR AR R S ]
. Gogoi ZOMEHHLREFHE T 2 R KNSR
KB, X FR RN A BEORAIE T 0 SR 80> 1
KPR, K T RIS B A, R BEAL
3 mm A R AR e R A X B, Wu 2T
F TPU SZEL T #1056 47 AR K S B AL, R LA Sy g 2R 11
3D FTENFEM T HIN T AL =4 LR 45 M, 7R K IR AL R
WUR T HA Oy 96 78 75 5.9~ 25.6 GHz.

WP oy T A R A K IR AN i B T
IR E R, T EAR AR OKTE L S 2 MRS
A VEZE MBIk T 9l Xiong 2 DU 78 Hh VAT
(10 SR DU 6 2 A ME A AT RH R A6 &2 T 1.4~3.3 GHz A1l
4.3~63 GHz 2 MFELI 90% L Wiz, A A 20 o
K] 180%, 4EhFE M 0~100 ppt ZRALI, HES TE MK

a

Model_V Model_VI

Model_IV

Absorption

B W 5% 5 o B S R RS R s o ARk, HgS M 8
Fi7R o ShK A HUH H0RT B ik Debay 75 72 (5) 459 21 .
=g, +- TN 7 0(TR) (5)
1-i2nz(T,N)f 2ng, f
A, e M e 4 BRI I B S MmN s EL N
e FE s RIS IR, T NSRS, NCAVERE L e A E
B2 A U K, O AR ANR , onaer N ERIE TR
BT HSR,

e T A A RN 15 5 5 d R ] it
ERPEEAT, AT T TR . Zhang 2SI S
R T — b L5 A A 4 A 5 A U R R B A 5 A 1)
OB R A, AT AlKIRTE, DU IR A1 2K R
BE NS K I 3 ) TR i T K & 5 2 TR R K I A Bt 78
AR, B T ARSI Bk PERE, 7E 4~40 GHz
SEELT 90% LA MR . HILAHEK R, KL
MRHE BTS2 G 5 it “gFoe” Thig, W Li
AL 3 R XU B O AR B G5 MK SEAB AR, K S HE
IKEZILLE 12~30 GHz 17 [ 41 5 12.47~28.43 GHz &k
ek . Gui USRI FH E /K SR AR A 1A 4 5 i A
AL, B BREEAT R FR-4 SSARSZIL SRS AW 2
P D4 . RUE KIS M LB R & T
PR B 25 T B T st TE AT IR S 2 T S
H, B BT KA G v A e B R 24 B )
IS F T I b % - Ruan 255 Lan 2507877 B g ik sk 5668
FRLRL FAE R 28 8 B 0 71, 3 JIAE 0.3~1.5 THz 1
115~300 GHz S8 90% LA FWRis, (R ACK 2 04 s Akt T
ZELR A S i AR

i LRTIR, £ IhRES 2845 TR 0 R 1 A K S
AR RRA R A e R gt A 1) B R A S . A R T A
FU R 232 B J PR 9 A o H R 4% Bk E IR R B R
BT B, T H KA TR A I B R AT AR Ak

b
1.or ftk /’
0.8 / u 1 e

Y . |
> o
0.6 ff W %
> j —\[L J/
0.4} = 4 }-Model_I
~ J »  Model_II
{ ”111;,1_7/ ——Model Il
0.2 -j 5 e Model_IV
v Model_V
0.0 K | | | : Model_VI
20 40 60 80 100
Frequency/GHz

K7 KRR (A A R o T R R i

Fig.7 Unit cell of the designed devices (a); simulated absorption spectra of different devices (b)!



- 862 -

WA ERMES TR

53 3%

] E b
Hy ' Water
PTFE wn PTFE
= e p— __',.{ Saline water
l rad e ) 1 Copper
{11
A

Copper /

8 Eh /KL AR B AR G5 M A T RS OR B

Fig.8 Schematic diagrams of the saline water-based absorber structure (a) and unit cell (b)I"?!

B TR P R W U A S L FH TE 2 4 B B U R I T AL
3o AHJZ K AP RIE IR 0 B B . 28 R PR S A R,
BN B RTEETE 3D 4T BV — F N T 2R A AR
Ko NTIEMNAREIFIABEHIN, EF X KRS
AR R S0 R F i ARG 385 BE AR UK U IR T, A 3K
PR SO R v RO 5 S M RE SR, TS TR AR T
DA 3K — M R ) i R N T R T
2.3 SREBHR

& A R R DL B 0 R W I SRR P R L
W&, Tz e B s U0, seplm A R S
WL - 1% 2 2 B T 4 SR B RLIT R T B3 14 1 B 72
TAE, sl ATF OB RIAEY nEk s s o ER. s
&RV T T N ML, oG T R R

S5 BB 51 R B B FE R B AR B PR R D
SR EE 17, Chen U8RI Ag 448 K45 [ 511 0K 1R SRt
PR USZEL 800~1000 nm [ B AE I SE SR e, B
JSL FH TE AR S I AT A 75 . TEVE R B IR 555
BWOCHIR USRS S R, Liang ZEUSTBT ¥ 1 1 R V1Al R
FR A AL R A4 43 S5 7 1059 A1 1304 nm SZ B 58 55 45 1§ I
e BT I 45 B BT R IR A I A R i e S, L 2084
FIT T 1R 4 40 K U7 B DRI 4 5 AR B DG T
Weh G, FEREA ] DG B SEB R A IR R, IX
e KIATHF 588 7 IR I s W s Rn, B Fix— M8
% Yu S BOVR F 4 4K 15 25 5 K D A () R A 189 55 A
SRAS T A R e Ve AT L A T S 1) A A SRR A
A AKIA ] 1759 nm, W 9 Fiik. Rana %51k A
i v i 46 JER 4, 3 i+ 2R A Y S I R 4 ) B T L
FEAU G B 1A LR A 20 43 S AE 422 F1 545 nm 5E
L 94%A1 99.7% ) =y R, (HAARGT wEFE . N
IR T B AR AT LA R A AT 38 R A 5
A2 H 4 a8 R i e, B g TR

SEANURS FE R 9 B & R R e 2. &l
[ AP AR 2, R4 3 AR Rk I B
B R IR R R R e PR R, o R 4
B — %8 )L, fF GHz B & R B R £ 2
PR B 2RSS, 5 0K
WS T B I B AR R BT N A ER AR, TS
R VL2t LR A A R ORAIE B AT R e BE .
Lleshi 25 H 5% F Electrifi 241 5 /> #0224 3D 4T
B ZEBINRE T IE G MM BRI AR, BERTE %
ZIEF] 5%, {HATE X A Ku 3 B ICR 5K T 90%.
Ma SRR TTR e+ 7R AfE i, MLk
F 7258, K Q {EH M 6.39 [£KE] 1.85, 7F 2.5~6 um
P B Ky 58 7 RS BE . EAR BR 2 Rh R —
o BE TR T 46 Je ik o A Rk MR 38k A A i R U8 ) [ A R
i, (HRRREBBCONRE, 22 &0 k5 S
S INAEAS B AR S, i ST B 52 R T ] K/ A A
ARCEA BhEXEE R AT R LR, @
JEZI AR PCB MR s N G . R TR T A
R A E 5 T B . Araujo 50800y 7 se il 52 478 %
Ku 3 B S5, it 7 — a3k T FR-4 28 A1
Ji TE AR e £ A AR, oy BIZR I U E S T X H A B
S, DAUB UK TE 2 M BB E R T, R & SR ILAE
11.44~20 GHz %} TE WA BBl 5 %) 90% L £, Jf
HJE ALY A116.4.. Wang 45 3o 5] N\ 5% 122 7 1E 52 g
Hraim, AR MZ T, £ 1.84~5.96 GHz
W25 5 85% L b (EHAF—FRMZ, 18 M BRI
PRTEFT WO R A4 22 1A 000 AT DR 3R 88 4 11 1 FEE AR 4K,
Feore M, R NI DR N R 5 T 52 1 22 RRCOA PR )X — T
SIS . Mol 20320 3 1) A AR U Y B R R
Bk, TEEAET S M5 SE 8 11.25~11.4 GHz 7 /X
Wi, JLJE AN 21128, — B FE S o T X — i



%5 3 1

FBEEE T T AN FRRR R I A LT TUiE - 863 -

N1 ™
] 4=538.9nm /2=954.2 nm 73=1726.5 nm
0.8 o
= R
o e T
= 0.6
o
=
§ 04_ A>90% 1759 nm
<
0.21
0.0+

400 800 1200 1600 2000
Wavelength/nm
Blo BRI 2 4R & TSI % Ak
Fig.9 Structure diagram of the ultra-wide band solar energy

absorber (a); ultra-wide band spectra of the solar energy
absorber (b)%

A AT R — B R B A R X 3 T4 G
PAPRH BT H oS . INERAR A AR . PIN AR
FEL 5 R HE, B S5 AN B o 1 7 4 A\ BT S B 58 SE LG,
i LI R R SE Ay, [FIR,  ZE4 o B o 4 F
NI T CAAEF 5 (6 R ) S B M RE R T . Nguyen
SEIOTFR G BB 4 ARG RI B, 24 BN
200 Q BJ7E 7~12.8 GHz Wk s 8 KT 96%, 1fi X #REs
PRI FINGT 459 LA NS () F R 354 e i i e e
Y. Zhang &P g 5 LRI Indk e A R G
10 FoR, JEIESER A R I RS 5 BEARE A ST HLURE
FEYR TS, H-10 dB W RS T L BN
0.69~2.13 GHz. Thummaluru 5P F A8 25 — W8 26 AR
TSR SEB T Wi A 4.2~7 GHz HIBhA AT . BARE
IEINE AR ST RS RUR TE AT R P U, (FR
ZIRFELETCAFR RN, BRI B R HE LG, )
A48 SR Sy — Bl (0 S8 SR 6 2 T 28T %1 F0 R g
Ko WP 11 FroR, Tian ey 78 AR, 16
AR A & o i AL K 5 R S B
PORAS B e, 24 M state 1 F| state 2 FEAFR, TE KK
W icg ) 9.24 GHz % 7.4 GHz, TM I [ W AT e A
12.06 GHz # % 10.96 GHz, X /&K NAEXT RS S 8L
PRI S SRR R T AR RE 1A A R -
JHENH, SR T EASS RS, EREEENS.

01
-10
om | |
RS ?
g0 '
° J | ! 1l ~¢=4 pF
R
5 -30] £ 1
] ' ¢
-40 :

05 10 15 20 25 30
Frequency/GHz

10 In#ER B n i Eh A W R E AR
Fig.10 Schematic diagram and reflection results of the MAFPY:
(a) the geometry of the unit cell; (b) simulated reflection
of the MA with the changed capacitance and unchanged

others values

<5 A IR A AE 22 AN I B 3 0 1 e AR B
FEILEERZ BT FCE AN 2 MR . R 2L BLAF
WoT RN IR POR AL A BB BN A R R AR, A
i e A B ) R PELJE 28R FR ] 1 L FE AN ] o AE GHz
BeBomd s 3D FTEN. ENRRIHLEEEROARL &, AR
ARSI @R DL 8 & S S VN I & IS C 3]
AWM. REREMEEREWE N — MR i B Y
TE N AT S, (A2 2 IR T & s w8 UK LR A
i, ARKRATCLEENLAS 5 o) B P AL IR S A, b
EIREITTRN
2.4 THLAMEBHR

W TTE AT TEHUAL 5 0 32k e W 8 A2 ) X i 5
TR KI5 oKk B A 25 18] 7 PR R
) BB L HRAR AR ) S A BUR LA B T 2 T F) 48 10 B 2
(ITOYE S| A # AT T ¥F 2 BIFT PE BT 7T, AR 1
BT ) AR o

SR A AL S PR R YR T S A A A ) 2R,
BB MARIR E 341 KO, FLA5 A MR R i R e AR D DY
TR, KULGMHA R EEE, SBES
R 4~5 NMCRERI0ZH P, Zheng SN i T



- 864 + Wi @A RS T % 53 %
1.0 g
________________ L c
"
0.8 :: = TM mode
= =TE mode
[ i
g 06‘ (R
= 1 : Copper
204 , Oi
o V.41 1 il
< : lII - Liquid
0.24 ;o State 1 4 Metal
0 0 [ —— _. .4.....\.\..-.-........v.......,.... - . ) FR-4
s 10 15 20 25 5 10 15 20 25
Frequency/GHz Frequency/GHz

11 WA R R 2 BRSO A

Fig.11 Simulated spectra of the absorption with a normal incident for TE and TM waves in the state 1 (a) and the state 2 (b); schematic

diagram of the proposed absorber (c)®®

— R R A A 1 R 2% T R R A R IR R AR, R B iR
FEM 318 K Fhi & 345 K ), T4 J& A1 F2 B i i
S BT RN BE 2 3, SR R R I E 2 g,
W 12 Frow o BT SR T 7R 3 45 1 T WU B
0%~99.9% (1) R iG 4%, FFAE 3.7~9.7 THz LI 1 58 3%
WU . Song 25 i) FE 2L AL 1 AR AR i&iJrT—
S L B Y WS O 3 2 45 PR XU Ty e TR e e AR

&R S5SNI, 78 0.52~1.04 THz Tﬁamﬁ
WO SR VI R R ik i e 8y . IR T A BRGNS, &
SR 3 Yyl i T AR T R I A O I RE, (AR

L TCAUA B s B IR DR A AL, e X I U
Vim
X108
262

S &
|025

IO 23

T=318 K V/m

VO, in insulation
phase

T=339 K

Heating process

(118 9 B8 R T

i 41 R A R A A R R A AE Y LT R
GH E A . EBERE A RSN, Yo HA
iﬂzwﬁﬁ%aamﬁam fEHEA T & 18] e S R
Qing 10 f 2 S T 40 & 13 B LA FLIF 4544
A FA R T, bR T I SR G IR O s s S, TE
WAL T I 7E 4.31 THz ALy 99.9%, (H 2 FEHE) %
) RS AE R AR EE R, TM IR fRi#e 1 353.5 nm.
Liu 2500 56 F S B 1 — bl I IR SR ) A 24 88
MRMR A, I L AE 52 I MR [ 2 €2 55 380 00t 2 €

[P0 A AR
Vim Vim
X 10° X 10°
3 51 I3.47

Vim T=3395Kk VM
X 10 x10
Il 59 |2.87
\ i
I0.67 Io.54
T=345 K
VO in metal
phase

T=340 K

K12 SACAEA RN T AR AR 4 1 2 v 37 70 A

Fig.12 Electric field intensities of the absorber at different temperatures during the heating process (the incident electromagnetic wave is

a TE wave with a frequency of 6.7 THz and is incident vertically)



%5 3

FBEEE T T AN FRRR R I A LT TUiE - 865

S -.:.-::.I :" =

e B

..' 900,70
0000%a0g 0000 0 oRe Oy

T 4—0.1x10%cm?

Conductivity/S

TT1.0x10%cm?

T-1.0x10%cem?

Resonator
o, @,

102

y-direction d

10

10'61 —0.1X10%cm’
~T1.0X10%cm?

—-1.0X10*cm?

10° ¥
10 10
Frequency/THZ

K 13

10 10 10°

Frequency/THZ

SRR 25 17 S P O WA A

Fig.13 Schematic diagram of the proposed structure (a); schematic diagram of monolayer BP (b); frequency-dependent surface

conductivity along the x-direction (c) and the y-direction (d) (solid lines and dashed lines denote the real part and imaginary part,

respectively)®

SRR R DR LA R A A R A% ) S 1 A B R R
N B W IR R AR R I S, ER S N LR B R R
DA SR A B T R IR e A B Tl ) e B K TR R 11
s, BT SRR BT 2T . ITO fE N —Fm]
DURATE ST R THI 1R W g A1 RE, IR FG 1) 3t 4 B L 2 0%
B 7 52 3R 58 5 41175 Bk P7). Deng 261804 1TO mEd% 0k
SHE PET MRS HBOG A mZI vt 3 FhAS A 1 41 ]
%, MH=ZZHESHA B REREA S, LW TE
10~75.5 GHz 1) 90% UL FMR e,  AH X 7 9 ik 3 153%.
Du ORI £ 2 45 M RE & HE — 2D otk 7 ZE AR AR B 1Y
WL, Hai . k. @Er . (KR ESR
MR AR FE R IR 2R LI IRAE NN TRZ,
FRAE T A G WU M N R o B PR A T N B ),
ZAE 1~18 GHz MRl iA 5] 90% LA L . Xu 2% 1TO ¥t
FATEANES B3 b, FEORIUE 60 i 22 1 [F] B, 8~20 GHz
WA R A (R RRTE 909% LA Lo AR T o A R AfG 44 Ky
FCHL R BRI, 17 Wu S5O 5 () 2 P 14 B9 1TO
WG AL R, 5 bR ] PDMS 8 ik S P 1 S 3 i
WIFI {5 5, 78 2.2~5.85 GHz WU % ik 5 80% 1L
b, Hoo] DAL 7E AT BROR 1 R BRI -

g LT, BEAR AL AR L AR B A 1 7 s
AT, A2 32 RT3 55 B W0 i R Y s L

o
o
e

Absorption

I
~
e

o
)
A

4

1
——Measured ~ * ;
© = = Simulated §

o
o
.

6 8 10 12 14
Frequency/GHZ

N
N

Bl 14 bk 1TO Wt A kL
Fig.14 Comparison of the simulation and experiment results of
the MMA using PETPDMS-PET as the medium layer and
picture of the transparent PET-PDMS-PET at medium
MMA bended state by hand™*!

ACHE A 28 B B BT T A 5o R AR B 25 1A
FEVE AR RO, (B 52 3G 2K IR H R
HEVASIE B B2 o 110 1TO AR 2 — Rl 2735 W B W e #4 k
H AT CAE 2 AR AS B T, JF H DL 3 R 1
T 7k SRk 52 S B 55 3 11 EE AL



- 866 * WA SRR TR

53 3%

3 MKERE

LT R BB S A8 1 22 7 T A A G b
FTE T LI S P BT 462 3, IR R T
By BRI T LR G O B A B e R O
W GRS . B I AR 5 F-35 kL
Fil B-2 25 MWL 28 22 PR A % 2 4 010 P L AR B AR
WA R TR S P B (R R, I L3 [ AR IR
R 200 R O Ak 7 A 5 0 A PR 52 B 467 f
Wy ROR . W TR T ATU BOAT ORI R b
IR 35 1 S T B A 64T R 5 R B T B AR
BRI/ T 15 S F0, 8TF T CT e Ak, B
A E 36 L S B B SR O R AR T BT R AR . HRAE
IR £, (L R RS s B R 2 — AN BN BT 1
V. B2 KRR AR O A I . MR
PEAF « SRS R T B — R R, (R T %
9 BRI B O R R B A . B, 4
TR 5 A A ) .25 1 6 B W T A0 3 L A 4 D
OB, o 3 S5 5 AR A R BEL 37 UG I e 4 T 52 30
BT KB, B R A ST PR (RN T
13 A P T L /N 52 A R e A 45 R e 4 6 4 1)
FLATFR AR 5 P AT 5 16 5 PE R 1 TE WL A 0 355

M R A7 105 P A0 B i A sy 3 P U8 A )
ER KL

R LML T ASFRR R TSR R R
AR TR BT R &, IFFIH T AR
#URey RS AETIEE. SRRE, B BET
X4 Fh B RARHA R RE T, SR E R
JEESCHL T . B, S AR SRR A, IR
DA T 2R S st B, Ik R 7 R
FARHE H BRI 7C A0 1) B 2 A7

=1

EAR F RIS T AN R R A 28 0 W08 A4 R HE T
LWAF TR e, R IR VF 2 OG8RI L 5
RIRBB, AR I B AR fi A 3 i BT B
Bt BLAE MR R AR RS L, 1 R el . = 4EA
Z PR R R BRI H i RJE LT 4 ANJT I -

D JPRE R R i s BARE
IT T AL U AR [ AT B 42, (HZR N TR RER %R
X AR Y TR R . ARSRTT LUREE AR5 B e
WS, RSN TRV 52452 i
FORIEE,  SEELE NS T AR OB S B B

2) W 22 DhRE — MR KT B A R . AR IR AT
AL 5, (HRRS T INNEE N R 2%
FEF A Z L, i H AT F R R S T T R
MIRF L, HEAE TR DD RE SE 56 3 MR R o i A2 iR
MR 5 A 5 1R R TR 8 — AR A RE L 2 A S 7 1Y)
TEMRS BB ATRE . WRGE — A AT REATR % = 4840
ZE K0 1R 98 05 PR A SRR PR S5 S L AT A e T
ATSE FH A7 B S B 7 T

3) L PTR A R KR A . DASE A BT S A
g1, BN R N L, AR RS L4
Bk LB A SR, K HE + N T RER
TR 53— J7 A SRS R RDRL R R TR WRG
AR S B, S B EiEENE, S
JE IR T T R 58 3 [ D RE A A -

4) SEEAN BT 5 S IE AN P BE . B
% AD FTED. (iR RO ZIBOR B2 Nt H 1T
R R G5 ) SR 2 ARG B B SR O e AR R AL T 5k, H
REAETAF R AR R T B AE R IR
H1 3 BV 2 0 1 RE DL S A A R DR S 1 B
A, BT DR ORI H 35 R AT AT B[R RLR R 3 98 A0 Tl
T T ZHRTEPITIH, T80 KAE T kit 45 3 S il
VB 55 S| A 432t 47 0004k T AN B i ) S EE AR A

RS B L B

Table 1 Summary of absorbing metamaterials

Material type Structure Effective band Thickness Function/Tunability Ref.

Carbon black Star-shaped 5.1-40 GHz 7 mm - [34]

Graphite Square ring 12.7-18 GHz 2.6 mm - [38]

Carbon nanotube ~ Hexagonal pyramid 5.31-18 GHz 11 mm Ablation resistance [89]

Carbon nanotube Flat-topped cone 0.1-2.5 THz 0.5 mm Bending resistance [40]

Graphene Cross 1.1-1.86 THz 30 pm Electrically adjustable [41]

Distilled water Cubic combination 5.9-25.6 GHz 4 mm Flexibility [59]

Salt water Centrum 1.4-3.3 & 4.3-63 GHz 26 mm Salinity regulation [56]

Electrifi Gradual pyramid 8.2-17.2 GHz 6.3 mm - [68]

cu Multi-element 112511.4GHz 0.2 mm Flexibility [72]
coupling thin layer

Cu Fan-type thin layer 4.2-7 GHz 0.6 mm Variode regulation [76]

Ga/ln liquid metal Rectangular - - Gravity regulation [77]

VO, Sector 3.7-9.7 THz 17.5 um  Thermal phase change regulation [79]

ITO Rectangular split ring 2.2-5.85 GHz 6.25 mm Flexibility [90]
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Research Progress of Absorbing Metamaterials Based on Different Material Systems

Wang Wenhao, Wang Long, Wang Liuying, Liu Gu, Ge Chaoqun, Xu Kejun, Wang Weichao, Hu Lingjie
(Zhijian Laboratory, Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: Wave-absorbing materials play a vital role in national defense and people’s livelihood, but traditional wave-absorbing materials
are difficult to meet the increasingly complex electromagnetic environment due to their large mass and narrow frequency band. The
integration of structural design ideas of wave-absorbing metamaterials with “thin, light, wide and strong”, dynamic tunable and insensitive
polarization angles has contributed to the rapid development of electromagnetic wave absorption. In this paper, we firstly clarify the
principles and methods of metamaterial wave absorption and the important influence of geometric design on electromagnetic wave
absorption performance. Secondly, the development status of wave-absorbing metamaterials in carbon, water, metal and inorganic
compound-based material systems is discussed in detail, and the current development trend of active tuning, lightweight, broadband, and
multi-band compatibility is indicated as the main line. Finally, the current development bottlenecks and future research directions are
summarized, providing ideas for the optimal design of wave-absorbing metamaterials.
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