T NSGA-I | BYKHifad B RHE BRI IE R T

Ef}%%%—cl) EE%{” ?ﬁﬂ*l) j‘%))él) %2’%1) Xlsf))%‘lfl)
1) (PR S B 56 TRk, T 488 621010)

FHE OB 2% AR B 101 TR AT R A2 S B . FH Hh S i 2 J 2 SR I 17 B 2 [A]
2. HATHBE R 28T 5t N RAWIR B S5, RRERE IS, T
PARYERT I 75 SR BT A R ER IR A B B o AR 1 — MR TR S 5
W 1) A S ICHE 8 A8 R M BRI SRR BT 72, 45 B AN R RHIE I R
THI£5 M, BT REAHE IR S T fl . ORI K SIS R A R R A 1%
v B bR, XA SE M SHOHAT 2 B AR 1 A IR, 2T VAR S R
AERA IO AR BT & PUYDG S RAAE O 2549 o B sC T i) = MG IS 78 H AR b 2 IR
Weldg, HARE IR R, &mnlik 351.43GHZ/RIU. ASCHEH T
RERR R TR LI RS AR BB RCR, N BOE IS SR E 7 TIREN R 2
BRI AR TR B AT, AEAAE ORI RS I 45 5 dek B A T 1) SV

XBIR): KRG RME RS, RIS, BEE, 2 ER

PACS: 78.20.Ci, 81.05.Xj, 78.47. jh

EE: RO S (IS 47X7128) BN

+ B{E/E#&. E-mail: denghu@swust. edu. cn
HB—{FF&.E-mail: quweiwei@swust. edu. cn



1 5
KA 2%(THZ) BAT e . (RS BRI 28 B Mt A, ELAS S5 T

i

PRENA IR R R EAERT, BRI i2 T AE M B A I 51 (B 24 B KA
NS 73 2Z 18] RO AN DL S 3 EUR B 55 D6 S5 0 A LA HY o AR — Fif
A S A B N 3 BT RHO 71, AT e e Y A R 24 B H AR IR A AR £
5 THz MHIAE I RENE ™ A2 sm B0 A Fe RS 5, oS i Jol Tl ER) 0 F o R A+ )
U], DRHOR R 2% A AL IR s R Sy R A otk . BFFER ], 24
TF D ) AR I AT Ve 5 A [ U R AR i DL T I, I8 225 8 9B 2 T Xl B
JRERFNY) S THz B AR EAE Y. 22450 117 1% R Re SR A1 2 M IRiSciee, 19n
P 2 e A RO, AT Al REBUL . BeAh, 35 RIS AR R AL
T ESUNTR RS 2he 23 e R A P

NI IR, WIAE BT R EMIRE . IRGR eds . HE5| S
SRRy A P PR ROR A B S5 4, R B A AN R g P ) 2 T 4
TIEATH A, ARG R 6 o AR5 SUAN D RE DR B 25 PR TC A5 A4 10 181 A7 1 2Ky
P, 3 RIS B S R TR (R 5 28O, AT SR AT SR ASEEIL R D'
WERFPELS B, SR, iR E 2 MIVE 2 ARS8, BTN TS HER
S i 7 P JEE 2 KR T o

TR, V2T TR RN TR 2B AR R A BT 2o IR
JE 5 5] BAR 2 M 2% (R B i T i T DURREE 75 EE T 45 2, (B 2RI 2% 75 2 R e
U2, BRI T IR A, 7T URGE R B bs Hsh i, B985 1
VB IR], LA B0 ol MR 23 Wang 55 N JE I 1845 IR TR R TH 4544

BT U145 M PRI AR o o 5 ik 127.8%1241, Mokhtari 25 A3 i ki T BEAE AL 5 v 0t 5



B BRI AT TGRS, 7E 200 ~ 4500nm BTSRRI A, PRALEE R 19735
WS EIE 91.63%. Li 55 i@l 2 B brsg K BRI | — FhosUmi s,
RS 2 20585 99% « Pham-Van 55 A A8 A% AL RS RHA N E5K, 7 17-26
GHz I S8 S0 Y0 [ N 523 T2 95%I1~F- 2520, FRATTHTRARIF PSO o a4 el
WS ESEAT AL, 7E 1-2THz 3K45 1 58 LMl R, 5 H AR SR o2
P B AR Z R RIR, B T IR 2, TRV R W AR . B, 3R
AN 2 B AR SE S BB b, B 7B i e UR P8 B, 240
RS A BT 32 B AUAE Ge iV, 1207V HE AR SR TE S B B FH Hh AR AT o A%
O B ORI TR . ghdh, R EET 2 B ARIIAL 7 1 MO AT A e 4
RITIABAT ST, HIRE 2 2 SECOT S MA R SRS n, SEGRET
EWCS . R 9 5 B 1Y) IE SCIC HE 7 a8t % 5% (Non-dominated Sorting Genetic
Algorithm IT, NSGA-ID) FIARA AN 1T N4>, PR32 B SEIR /N o

ARICKRA NSGA-IL X ARG &S BT ¥, IREW AN HA A FR PR &R
45 H, IR S S HL, & BIANR I R S B 5R . PAIBHIRAIR S L
WA T R - N Bt B AR, A R BN S K 2 B AT DA« NSGA-IT il id 1%
PR SURIE AL A 53t 7 A AR, ) DR = S CHE P 3 B o (R AN EA T 25 2 )
Gr, SREIEI G R ARBEAT PP, SEBE A RHE AR AR I 10T
2 BRIt

Wi 1 FroR, Fridcat K 4EG 7S COE T BT AS R rURE MR 1) 2 T 45
(G5 1—PU <L PSRN S5 2—FF 7 F e 7270, LESRAF AR RRAE 1 [RTET
AT DLIRAS H A5 M 2B RHIE o« B BRNAESE 1) 2 7245 3 1 725 B AT 45 30 45 44

Lo BRIE, K85k 2 il Fra M B oN g 1, REIARSCRISH . JRIZ Ve )8



bR, AR G, HRER Y 5.69x107S/m. AR IS BUREOE S HH AR Rk
i IS5 <5 o JRR A PR J5E B2 K T4 7E. THz S B TRVR B2, DRI N 0.2 o
YR IR h (B, AR B B e, =3.5, ATIE B LS
JEHS < JeR JER AR - ) (1) LR 5 SR A 8], AT O FE NS LRI o ORI <2 J 454
B AR R, AR R AR, BN 0.2 wm. S5FIEJE ] P=200

pmy ANRKJE Ly SRGERE we WIS g L BSSHIKIE 10 G5 b AR R

h NS
L
- - =
| ‘ . -4Pg[ﬁ =h
U - e
VA
L7
b
K1 e
Fig.1. Unit structure
R 1 ZHRBIFAMT
Table 1. Parameter Limitation Conditions
Constraint name Constraint equation Constraint scope
gi 20+g-L 21<<0
) L-P+5 2:<0
g3 w—(L-g)/6 2:<0
g4 b<1/4 240

AT RE T, IR SHOAIIBRAR, 2 s 1) 5 s AR e i sk b in 1
Mgty . Rk, AP ASER(E (e) (gL Wk 1 Prs. EIas

ey, R R (@)RIETHA B E A 5T A E S, K(g) IRIEM4S



WA P, BRI — & MR . (s (e 50 3 BRI 41 58
B w RN SR T b AR BE s R MR T o 24 w=0 I, BT 9 S 1,
0 g=0 I, ARG 2 WRWHEHMANE, WAL 3,

AT R SR M RS L R 4. REUE S A7 O SREAE, sk

(D~ (2)« G)FR,

A=1-R(0)-T () (1)
Af

5= @
__b

Q - XFWHM (3)

Ht, Ro) NRHER, 1(0) NEHE, & HERIENRE R, A AT
SRR, f, BRI, X, AN TR 56 o WRICR SRR A TR ARl 3
NI BRI R R IR 8%, ISR Ry, RO AR IR T R Uk, S5
JFRH ELATE RIS 77 A2 (45 B BE AR o R U 2 A SR X AN R A58 47T 5 2 Al N AR Ak
RIme L 09, B VAN A SRS B T VR AR AR I B R A o B ST TR
PRI 1 RBE TR o
3 ik
3.1 BAEEE

AL (Genetic Algorithm, GA) &2 EVIRE B KT R 4 RAE R 7

%, FRESERENLE MG R, AR CRIRIEARD 2R Qe th ik
R, B ACRE €S BB A e SR R . BRI AR B PRI #E . 22
SORNAZ 5 35 WAL AT, AERE AR M, FFE I 28 CE A MBENLAE 5277 4
R A IR, (G R AR 1 R A TR R A BIOR A Y X 45K

A EME KA R S (e RE A JRESE) RESAR R,



SH R AT LB S B LR 2, &S 2 SHGR S MR R LR, GG
AR I B SR Broin T 2K o SERU I AN 5 Z g AN fRAL , 7T DA TS 2R
S Dy HT AU
FEFERAHIE R, S IEFO0F AR AT B0, R AR5 i L s 2
e AR EE XX A O AR BEAT A SR A B 1 A, A o9 5E
XEM . 58 AEE S, B2 X SRR AR AL
S UM 2R, R T e R REET). B, ASCRABA XA AR
gerir, wzl@)FRG)FTR.
Cx=a-x+(1-a)x, 4
Cx,=a-x,+(1-a)-x, (5)
Hrf, Cx, 1 Cx, R 38 T, o NS R EE R M R4 LSO
B, FAEAEXE[0,1 TN 51040, x, Al BRI BN SR A
BEAt, FEBAL AP RAR A IR EOR, PRIE 1R 2 . Skl Xt
AMRIE R HEATBENLISD, B EMRERE N R B E IUAR, 1 DR FVE BENS RR SR R 2
()P FCA X 3. EREAL S Y, R R R TR BTAL, AR SRAeie Sl B R, M
MR ERREZ AR . A SCRA Ry i RAL K 7 iR R A T A A
Mx,(j)=x,(j)+ B-rand (6)
Horb, pNARRDRKEIRMEZ, JUE TRRPIEREE: My, () Fm-hf x G
R ER j A BRI AR R AT 2R TG AR, T rand IR BRHE IEZS 70 AT B BEHLEL .
NP R R AR S A G, A TESSH MR E AR FA, X
SEREATIIVE . 258 XA e AT AW IMRIN AT RE PP AR AR S LI SR A
Ao BT AN B AR BT B LR, % AMEANRLZA R FE BRI



e MER o PRI, FESRNESRARIERE oI 1 AR 51300, AEEEAS H bm bR B P
St bR S A AR AT 2 A, (D) s

P(x) = F(x) = 2 max(0,g, (x)) (M

24 G AR U 2 SR A, SRSy 0, BUANBEINGR ST 7500, 4650 U ERR
AR D 125 20 R O RE S o (i B R R OR, AR BB sy, DA 3 BR kL1 WA S
BB H .
3. 2 g S MG 1A SO HE PP 8 4% Sk

AR S SR (1 SO HE 7 18 4% BLIE (NSGA-ID & — Fpdt T AR RCHE P I 2 A

SRR S o T SO AR SRS HE R SR BT RE LU B, A RGE T WSt 5 2
Rtk oy, JESZROSC RIE XN EHRLT x £ Bis EXAS TRy, H
2B LT R y, MR x SCRCRLF ps Bk x fEATE BAs B3
ARTHL 7y, WKL x HRT y Z AN ARSCRCR F o BEARYE H A et EUE 0
A YO ARIEAT I SRS J R 57 -

G, AERREE P IR AT AN A G A S I G A D RAESR L 1
TERIR YR, TR I A e A SCRC IO E IR R E 55 4 2, kit
Kt BB DETH R OAMP TSR . FIME IDREFAN S Bl
Hi 554 L) Kb, H RRFEE PSR x A AB0R, LOAAE i
LIRS o 3 GHRAMEZE B 25 xS, W Hn 1, K
IMASEE LG): A7 xi SCHC i WP X IOANERS LG), Hn 1. CAHE AL i
AN LLH, SERUITA AT AR B LU S, $6 HRh e R BT Hi=0 1AM,
T FCUT A RIESELR 1o PRSI, B O R L) A A S

AR HASIE 1. BERBERSEH 1 B, O SRR H=0 /MAAR



N RILER 2. WPEFSR 2 AR, RS Lo) RS RMAR) H;

B 1, KRR BRI MRS R, R 2 s,

A A

fl : Pareto level 1
| fl : Pareto level 2
@ : Paretoleveln

y
]
y

o i
B 2 e A 4

Fig. 2. Non-dominant hierarchy division

L T R AR AR A I A S B, BEBEOR, R IIAMA
A X Mg, AT YRR A . Ab TR ARSI SR P M TC TR B
FIEI S, wIE At L B A BT AL A T B RS (N B R B %
H A5 bR BUE 1 N EAT TR HEY .« %, 8 T F — AR S S5 g A et
THE . AT A AR T T 95 KGR, AR ORI ek % B e
BT HARRREL Foy VFEHRAME x; B EEERS . 1ZBE BN x 75 H A5 BRI 4L
Fo EAAAABAE X0 5 xies ZIANA—ALBEBS RSN MR BB INEE R B (E
HAES Hbr EANEEEZ M, A @)Fr.

F (x,)—F (x
D)= 3 Lol TR ln) ®)

m=1 mmax

Horb, D(x) B8 i DMMERG R, F, (x,) FF, (x) N5 i DMELES
m A B bR BB A AR R EUE, T F,,, AN E,, 29 m A H AR R
B R AE S e/ IME

ARSORF R 5 IR AR A BRSO (R B TR b, BRIy i =

A PEA B HORB SEBEAT G . IR(9)s SRAORR( DI Fy 3 BRI,



Fo NSRBRIEIRMAE 5 H R IRR Z (B E & BB, Fs MR siET 0. fELAL

WREFE Fr, Fo, F [FF R A HER.

F =4
1
F‘Z = —
f;eal _f;bj
=0
L LS T
3.3 WiifE
Wl /Tb]L]gld]A]
3 wi| | by| == hy New parent
o population Fyy
o wo| L | by | -] s
pl| bt &} o wil I3 | b; | -] s “« - —- — ‘ F,
I
l—ZC__| “« — —. —_ F,
0% Wy | by | By | 2| B
‘ ‘ — F; F;

Crossover _ _ _ _ _ _ _ _ " _ _ _____________ . ;\
P, ax+(1-a)x o v

wil L\ b\ Ll gl di| hi| \wi| i | by | Ly|gi|di|hs

i ﬂ

i Crowded distance
° ®
LJ
x5 _,.»_ic
g ® o
Xi ‘
Xi+] e L

pring populationQ, Yes
2 Requirements
E OR
g Iterations>10
E
Condition of termination
Incident wave
S \
“\/Wy
S|l
fi Non-dominated
{ .~ ~sorting
e ® N T~
e N >
L ] e O ~o
(4] 2)ls] o ® e
(| L ® ° °

: Pareto level 1 fz
@ : Pareto level 2
@: Pareto level n

K 3 FkBihiiee

Fig. 3. Algorithm design process

)

(10)

(11)

Triple band

Dual-band

Single band



F AR LA ik 2 1 SCRCHE PP 8 A% SR (NSGA-IDIRAZ WA 3 Frow
FERIEBTBL, € XX (Pe) MAFA (Pm) S 4. BALFIE IS SR
FIAZ SN S S SR RE B R B 28 S8 SO AT M T ZE T By, 28 X
B H T BB E(RAE 0.6~0.95 2 [8]), PARIEMEE R Ag Z FE 1 AR5
MR BB RS, AEFF R 2 AR EATBE R A, —ARAE 0.001 £1] 0.1 2Z 8] L
fH, DL BRI I0 R, EAEMEEN . RECD IR T, FEE
DREREFENE, TE BRI RRE . I X —AF[E{E Pe=0.8, RETE
eI R RS RN A 45 1 28 5 T A 1k 2 T B R 4P ;. 2273 R Pm=0.1,
REN AT BOR MIBENL SN » ARTE R U AL B S AR NI 2R 561, BEHLAE
RALE N SRGOR I M . B2k G ORI MR e 1) — Fh Bk it
TR, BEESHMTENFTEEGER. BE, RIEZCEEILER [N« Pc/2]X
2 SR ARBAT I SIS XA . AR, ST AR S AR BEALIE A N « Pm 25 s,
FBEHLE B i I L BE DI EAT A8 7 o R B I 58 AR e 7 A 1) - AR 5 SCACRT R
BIHAG TR KRR RS B B IRE B A, i AR
19225 Gett Aot N R SOE g, BE M SRAT H e ek 208 - ARAE H b eR B0 R AT
SRR Iy, FEFIMTEELL 1 e B AR AR R BT ESR A, B0 5 Sk B oKk
R H . B, WEIRETR: SN, AR ISR &, JEEGHT N 2R Qe ik
VR — M RE, QKSR B A0 e A E 26 A o KRR 25 A R S B 1 BE TF
AR T 4z I LR BL CST Microwave Studio, S FLRE DT BLIBCAAERT, R (1)
PP AR R, BT DAANIE & BEAT KU BRI 07 50, i LI BB/ AR RIS
N=10. F0f FH RAEARREHIBOE ARz RS SRS H0E ], itk HbsfE

10-15 AR AT DL BIRF G BT H 2R AR, B ORISR ECN 20, Revpitfits



SR BRI IR ISR BRI TIH .
4 BRI
4.1 Wit

I NSGA-II 73 AWt T FF& A RISR R = ME ks, USRIV R)
BRNME, HRWNE 2 Fim. ERERIEIRIE D B R BN ZAE 1.6THz, P
IR EAE 1.4 THz M1 1.7THz, —ANMIEIRMZEZKAE 1.3THz. 1.6THz Al
1.9THz &b, RN +0.05THz. &t 7 WS BIBETER, HEWSECN
% 2 4T (w=8 um, L=160 um, g=11 gm, um, I=71 gm, b=18 pm, h=17 ym), Wt
AR S(b) AR, HALEERTE 1.60THz A AA/E— e B . 25t 10 ik
£, RUFRIE—NE 1.43THz A1 1.69THz Ab A7 AE WIS I F A S B, B3 ARAE LAt A5
FACH LT IR, (R R ZEIEE AR B T TR IR B SR,
HAEMSENE 2 E —A47w=11 wm, L=161 pm, g=0 um, [=65 pm, b=13 pm, h=15 pm).
gt 10 WIER, =HL RSB ESEMSECN w=9 wm, L=172 um, g=0 um, =64 um,
b=16 um, k=17 ym W}, 4> HI{E 1.31THz, 1.59THz Al 1.9THz kLS IR, anl& 5(f)
Fizme WTLAE R, AR TE 520 DORYE Bt sk el A Bt i e A ik, &
SRS = ARAEARAAL PR W WSO MR AL R 251G, ARS8 SIE B A B8 e A e it

*2 RAEHIS S K

Table 2. Optimized structural parameters

w/um L/pm g/um UVwpm b/um h/um fTHz A(%) (0]

FAAR 8 160 11 71 18 17 1.60  99.89 177.59
143 74.05 34.07

1.69 99.97 89.32

131 79.93 33.39

= 9 172 0 64 16 17 1.59  99.72  82.11
190 9877 37.79

XA 11 161 0 65 13 15




K 4 PR IR T 23 AR SO AR IS ARL AR

Fig. 4. The iterative process of the non-dominated solution set of the single-band sensor part
DABLATAL S ], B 4 Oy TR IS B T AR b AR Rl SO AR A, 54
ol b B Sk T 0] D s RS BO B A DT 9] o BEE IS AL AR B e, B —AX
() 3E SRR A A LSS AT B, ANITTZ A2 18 SO B A SR TR, 3RS 1 B 44
(A=99.89%, 0=177.59, f=1.60TH2) L T-HI4H 1R (4= 83.87%, 0=106.04, /=1.67THz)
PEREHE TR T . A5 S EEHE R R ol — AR AR SO, ARG []
HASCAC . Horp g fURRA SR AR BB i, R S ARAEAT— BAR R4 b
AL, BAEZMEREIRIR A SCIL T REFHPE, R LS BRI RE
ZARAEBE B H bR ST IR (R I, RSOt T R 20 3R T T 19%0 67.5% .
(a) (c) (e)



100

100 Reflectivity Absorptivity
@ 4 N 100
Reflectivity Reflectivity (t)
80| Absorptivity 80 | Absorptivity 20k
60 - 60 60 L
40 | 0k ol 1m
20 - L
J EOTPH 20 20
0 ==t : : 0 . N : o : \ .
1.0 1.2 14 1.6 1.8 2.0 1.0 12 14 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8

Frequency / (THz)

Frequency / (IHz)

Frequency / (THz)

Kl 5 RALJE 4R R HOGRE . (a) ()54 (o) ()W (o) (H=HH

2.0

Fig. 5. Optimized structure and its spectrum. (a) (b) Single-band; (c) (d) Dual-band; (e) (f) Triple-

Nt B PR IR IR e, 18

band.

L GG B S ZRARAU 7 W 1 23 )

A {EAERR R H — 2L 15 an AR, oW IR R 1

A IE L. BEEITH RN T &, HIRIR IR NABILR, WK 6 frr. &

IR AR AR 5 47 56 38 2 18] 1) 96 RBEAT 2RI G, DAAUL A B 2R (1R 3 0 SUAL ks

RYULZ . a5 R FAUE AR I RBE L) 307.14 GHZ/RIU; XUMiA% I (1P

N FYRIG R B 437108 351.43 GHZ/RIU A1 340 GHz/RIU; —=#iif% &8s 1) =3t

R RN 195.7 GHZ/RIU. 265.7 GHz/RIU #1 291.43 GHz/RIU.

100

80

60

40

Absorptivity (%)

0
1

Reflactive index / (GHz)

40 1.42

1.44
Frequency (THz)

~
o
~—~
—
=]
(=)

— — linear fitting A
S, =307.14 -
sof e
-
P o
- -
80 | P 4
-
-
L g

0F -~

i
60
50 1 L L L

1.20 1.22 1.24 1.26 1.28 1.30

Frequency shift



n=1 n=1.02 n=1.04
1»0 n=1.06 n=1.08 n=1.10 i (dzﬂ — — linear ﬁﬂingf]
1 [[= = linear fitting f;
N §,=351.43 §,=340 PRA
r:b- P l, -
=30r . W
ﬁ "‘ - ) < A
3 z
g Tk
v 20 F -
2 l; -
i 2 227
/Wm N gl: |
-
-
” e
" 1 1 1 1
18 1.00 1.02 1.04 1.06 1.08 1.10
’ Frequency shift
Frequency (THz)
1.0 n=13 n=1.32 n=1.34 -n=1.36 11’—'1.38 - n=1.4 (f)zoo >
R R | —
(e) il . [ R
0.8 | : i i - " e — — linear fittin,
: | oW b — - Lo A
g I : LAl $,-195.7 - :“eaffjizngfj
0.6 : N E : 1 : ! -52:265.7 near fitting f;
[ N | i [ s,~201.43
o4k W : 1 I e
L 1 (I i A__ A
|/ ' |, AT J
02F i\ ! L4 LN o E .
y \ ! {1\ ! \0 - - - -
Y | W\ | -
i 4 § £ N =7 oL : : L L
11 % 4% 14 1§ 1% 17 1.30 1.32 1.34 1.36 1.38 1.40
Frequency (THZ) Frequency shift

B 6 AR MR IR I BRI AR LA S 2R (a) (0) 54 (c) (XU (e) (f)

=7

Fig. 6. Variation of resonant frequency and fitting curve of absorber under different refractive

indices. (a) (b) Single-band; (¢) (d) Dual-band; (e) (f) Triple-band.

B 7 R = AMEIRERTEA R AL 7 RS R NS A BT R o | T =AM Ik

BRI OIS FREH, AR FIRRAL TS [ ) LA R T, OB Rr Ik DR FF— 2,

RILH AU E . B, ESEPRR A, AR HIBCE D7 17 A 26 Al 45

| = A
i

R

Wi o AHAFER IR, X =AMEIRE G MDA M R BO BUR, 2

FLRL I DN S A1 E R AR AR AN, Gl i 7 2 e A R 25 A8 PRI, 2 S P B2

B, TR S UL I BN AR AR, DLORUEAS I L RE AR RE 1E



(a)100 — (b)100 = ===y (€100

V) _ 1l r f, < ,-‘-”a-—\l
80 f l ——-mm| sof---mm Vi i 50 g ! " :
Z 1| B V! ] > 14 ] A o
Z 60F [ 260 ! il = 60 | I U
5 ' E ' K | ¥ |
2 40 { ) 40k il 2 a0k I ] il
< “ e | E : .;
20 F : 20F | 20 \ i
\ | \ !
0 1 1 1 1 I 0 N 1 N 1 " | 0 | L \ 1
13 14 15 16 17 18 19 1.0 1.2 1.4 1.6 1.8 1.0 12 1.4 1.6 18
Frequency / THz Frequency / THz Frequency / THz
(d)7s

—

=
<
b7
3

I
S

3
2
)

F
&
3
ce/(°)
-
&
3

>4
)

Angle of incidence/(°)

o
4
Angle of inciden

00
1.00 1.20 1.40 1.60 1.80  2.00

00
1.00 1.20 1.40 1.60 1.80  2.00

Frequency/THz Frequency/THz Frequency/THz

K7 AL EREARFRWAL T F(a)s (b)s C)FIAFAS M) (e)s (DGR, (a) (d)H
Bt; (b) ()XW (c) (=4
Fig. 7. Spectral characteristics of the sensor in different polarization directions (a), (b), (c) and
different incident angles (d), (e), (f). (a) (d) Single-band; (b) (¢) Dual-band; (c) (f) Triple-band.
4.2 AT

T SO R R 2 A% I 3 OSSR, G WIT T B 24 A IR A VS HR A28 1
b FE I AR THT FELAL 20 AT o H P 8(a)MI(d)FT LA Y, BRI SR 1.60THZz AL H
Gy B PLELE R L, R R B PR SR A, L PR IR T S A
1.60THz 4b ({13 Ay HL AR AR 7 FL4% . R AE R GUA 1) L 7 Tk S R — AN /N
AR, (EXERE— LC R, S5HE N B I IRA LC IR M L[
1 FEASE N IRF PRI U8 () R 5 E TR AR A T, AN T 128 BT 100% 1) 56 5% WAL
Kl 8(b)~ (c)~ (e)FI()Ern T XUMfE 2% 3R T A LI HPPATE 1.43THz 401
FL 37 o P B v, AN HL U R B s T AR B, BB AN IART 1.43THzZ ALY
IR SR . FIRE, 1.69THz b EE M fE 2 dii ., FE 53R

M, UL 1.69THz A& (AR RIS -+ 45 5 1. EARRI R 4EE T, 1.43THz



AbHT R R E W R 55T 1.69THz AT HL 9%, B4 5 1.69THz AN
USRI S B, IGAE 1.69THZ 4t B A S e . 78 1.43THz &b, Hii
J7 R NG B3 7 R RR oA, T AR 1R . 1.69THz ALTESMNA 5545
S BRI F AL, MR LR 0 =B, P RE SR BTS2 B G 2 A v i 1Y)
HURLRE IR, 5 R — N IRER 1Y) LC VIR, b v () B A 77 ) W o FL

751

Bl 8 HXUIERAR MR (a)s (o). (MHFAAM(b). (d)s (D). (a) (b) ATl B
(c) (d) BUMI 1.43THz &b; () (f) XA 1.69 THz At
Fig. 8. Surface electric field (a), (¢), (e) and current distribution (b), (d), (f) of single and dual-

band absorbers. (a) (b) Single-band; (c) (d) Dual-band at 1.43THz; (e) (f) Dual-band at 1.69THz.

A SRR (R A B XU T PR R AT i BT ABL o 1.31THz Ak FA PR i
HIZNA T, 1.59THz AL MR i B R+ 4540 5 BRI R S TR . ] 9(c) i
/NE 1.90THz 4b, A AN AESE FEd7y, TR L it e 45 K B8 AR SRS T« LA
£ 1.90THz 4k R R M AL AR B9, B KRB FAERS), W7 2= AL 158



R, RE SRS 2 AR S, RINEH 5IRESEBAE T LC
IR, RERAES TR HAHARFE, I AR SE SRR

0D o i (9)..%...& e b -
oy 10 RS e R T ¢ I
top ORTR T N SRy
vrRi 0‘?5"*‘-:-;‘,.."*".."‘,.. f,"ﬁ..ﬁr.-;._’-".‘.'.- iy
e NEEE N oo o T L
.o , A :
- a b - LTS S - iy
: Wi Ioay o vooaY &« W B
H . S A
‘ o onEsl ‘ﬁy e B A 3
. Y| SN SR | NI 1
= S o e o AT LT L
R (R AN i
: PO Yy A i
L el Sowttdaat i el el y
5 pral o " E Wt LR 3 8
) i ST a0 4 g 2
: HC T . 4 g
R +
' N . + - e
4

ab

T .

R P
T T e MR R
Tk *;giﬂﬁ;{.»z@m Sl S0

Kl 9 =Hif AR IR T () (o) ()AL i(b)s (d)~ (D- (a) (b) 1.31 THz; (c) (d)
1.59THz; (e) (f)1.9 THz,
Fig. 9. Surface electric field(a). (c). (e) and current distribution(b). (d). (f) of the three-band

absorber. (a) (b) 1.31 THz; (¢) (d) 1.59THz; (e) (f)1.90 THz.
4.3 FHPTILEC 72 Hr

= B A I BRPT Zo 5 1% AR B SE BATT Z1 VLRC,. BI Zo=2Zy, BEIIH—1L
BEHTZ = Z1 / Zo WISERE N 1. REFN 0, EEATRME R G0 A S F AR 6 S5
BEAL, AR IRES AR I g JRAR = B H G I IE S, seBL B 0t  S Sh M [R] IR A2
PHPLVLRCAS PRI s NS LA A RLES RV R ok LB IR S REE IR, AT
WM e SR R, BETE H A A i 25 1 R B S UL A

B 10 fieor 1 =R AR IRE 0 B — A BE ST S il S B B . £ (),

B JRERAE 1.60 THz ALY -—ALFHPTSEER N 1.036, REHEA 0.0019, FEif 1,



PEAE IR P 58 M. B(b), XUIHE AR AE 1.43 THz Ak HWR ST IEE X 2 )
—AGBEBTSEN 0.33, BN 0.127, 5 1 ZRECK: MWifE 1.69 THz &b —4LFH
PUSEHN 0.966, REHN-0.006, L 1. Kk, ZALERIZSTE 1.69 THz A SEHL 1L
FERMUL, TIALE 1.43 THz AR ARXT UK. El(c)F, =ik /Ka87E 1.31 THz
Ab I A—AGBHAT SR A 0.382, KEHEA 0.039; 7E 1.59 THz A58 0.973 JEH
790.077; 7£ 1.90 THz AbsHRA 1.247. MEHEAN 0.035, H—fbBAHTS 1 2 78

Ky X AR MR ST AN

—_
0
~

<}
T
)

S
T

=
2
=
2
gE
Equivalent impedance g.
)

IS

IS
0.00

f

)

p

|

|

1.60

] .

1.0 1.2 1.4 1.6 1.8 20 1.0

Frequency Frequency

'
E
T
'
-

Equivalent impedance
(=1

1
o

2 1.4 1.6 1.8 2.0
Frequency

B 10 =FifLas iU —AUBHITEL . () B IS (b)RUBR IR s (o) = MUk s
Fig. 10. Normalized impedance diagrams of the three types of absorbers. (a) Single-band; (b)
Dual-band; (c) Triple-band.
4.4 YERED M

AT LLEE BUF T2 g &5, AR EIiR-—/Z 200nm JF 14

a

HRAE R SR, R R F eIV TE SO 2 B & SRR h A B2 . B, il
HLF R 21 ok 5 6 204 AR TR S M2 (200nm). BEAFIN T o A SCR A [ 54
BEONEEE W i, HAMERBEZIK 280 (CTE) 414 20~80ppm/K, FHMSfEHAE £+50
K RSN T, JUR RS IR 2279 0.1~0.4% o BRI R 5 3 15 22 AR
JEXT IS RE RS, BIN T 1E-5%2 5%70 Il WAL IBENLIE %, FE04T 17
BARZE A TS S I MR RERR E M . 3R 3 JBR T I, UM Jx = AT I A A

P FIBEAL R ZE T HIPERER T, MALIRZERIEE AT NBENLIRZE, 5 AT WiRE



NS EAE. SRR, PRUE AR S — AR T = IiE a5 iR
NRCR T REBON R, RGO BRCERE SR BT R . eAh, T

SER IR MBS S5 AR I +0.05 THz, fF& B ESRIINSRRZE, RIHK

I R AR
* 3 & RE N TERE
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Table 4. Comparison of sensor performance

Ref. f/THz A(%) 0 S(GHz/RIU)
[26] 1.613 99.56 / 264.5
AL ) BT ) 1.6 99.89 177.59 307.14
(30] 0.5-2.3 99.9 / 237.5
B31] 0.5-1.3 96 / 264.2
AT RIS 4 1-2 99.97 89.32 351.43
(32] 0.8-1.5 99.9 177 200
(33] 0.1-1.8 99.9 482.5 280

AR = A2 #) 1-2 99.72 82.11 291.43
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Abstract

Terahertz (THz) radiation, situated in the spectral gap between microwave and infrared
frequencies (0.1 - 10 THz), offers distinct advantages including broadband coverage, low photon
energy, and unique penetrability. Given that this regime encompasses the fingerprint vibrational
modes of numerous biological macromolecules, it presents transformative potential for high-
precision sensing. Metamaterials, comprising periodically arranged subwavelength units, can
induce robust electromagnetic coupling under THz excitation, facilitating the development of high-
sensitivity, non-destructive THz sensors. Precise alignment between the sensor's tresonance
frequency and the characteristic absorption peak of the analyte maximizes the light-matter
interaction at the interface. However, achieving such precise alignment remains.a key challenge.
Conventional design paradigms predominantly rely on empirical parameter tuning, which lacks
precision in frequency targeting, whereas deep-learning-based inverse designs are often constrained

by the requirement for massive training datasets and prohibitive computational costs.

This study proposes an efficient optimization framework for THz metamaterial sensors
utilizing the Non-dominated Sorting Genetic Algorithm II (NSGA-II) with an elitist strategy. By
employing fast non-dominated sorting to stratify the population and integrating crowding distance
metrics for individual selection, the algorithm achieves robust frequency selection and performance
optimization. To enhance design flexibility, two surface geometries with different spectral responses
were integrated, allowing for multi-dimensional modulation of the electromagnetic properties
through geometric parameter tuning.-An automated co-simulation platform was established by

interfacing MATLAB with CST Microwave Studio. Taking the resonant frequency, peak



absorptivity, and quality factor (Q-factor) as multi-objective functions, the algorithm successfully
optimized three distinct sensor configurations tailored to specific spectral requirements. Numerical
results demonstrate that the resonant peaks of all optimized designs align with the target frequencies
within a marginal error of £0.05 THz, achieving a peak sensitivity of 351.43 GHz/RIU. Based on
impedance matching theory and the analysis of surface electric fields and induced current
distributions, the underlying physical mechanism is identified as the synergistic effect of electric

dipole resonance and magnetic resonance.

The application of NSGA-II to the frequency-selective design of THz metamaterials enables
the realization of tunable multi-band responses by merging structures with heterogeneous
electromagnetic properties. This optimization framework significantly enhances design efficiency
and provides a systematic methodology for developing multi-band sensors tailored to specific
molecular vibrational characteristics, holding substantial promise for applications in biosensing and

material characterization.
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