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Abstract: The strong localized plasmon resonance of metasurfaces makes the resonance frequency extremely
sensitive to the dielectric environment, which can be applied to label-free environment detection. In this paper, a
bow-tie terahertz metasurface with an optimized ratio of the quality factor to effective mode volume(Q/Ver) is de-
signed. The unit cell of the proposed structure is composed of a mirror-symmetrical metallic bow tie in the middle and
continuous metallic strips on both sides. The width of each metal strip and the length of the bow-tie gap are opti-
mized for the parameter Q/Ver. When the metal strip width is 25 ym and the gap length is 2 ym, the effective mode
volume is 3.6 ym® and Q/Ver is 2.2 um™ at 0.7 THz. In the experiment, different concentration of the lead ion solution
was dropped on the proposed metasurface. The transmission spectrum was measured by a terahertz time-domain
spectroscopy system. The results showed that there is a linear relationship between resonance frequency shift and
lead ion solution concentration from 0.1 ng/mL to 20 ng/mL. The detection limit is 0.1 ng/mL. The terahertz meta-
surface sensor has the advantages of the miniaturized size, easy sample preparation, fast measurement capability

and real-time detection, which will be widely used in environmental protection and food safety.

Keywords: terahertz; metasurface; lead ion; effective mode volume; high sensitivity

1 51 &

TR 4 R B TS G Y i R AR R PR )
W, FEETRE . A RVRMRGE . BRI Tl
R E SR EY B A RIS K AT 48
BT R REREE T AR AN R
&, KEESEE T REckE L, I HSmd gy
HEXF AT B o B B I Y Hi S G ™
HHESEETZ—. B8 PR T hEA AR
YRR R, FELE S SR R R AR
P HE A AR

MANBSEAS B E TS, SRR E T R
JpphEE . THAGETEE . NIAIREL . RETIRE T
R LA S A IR A T A8 5700 AR GE IR g A
2 B R WO R SRR 0 | AR EA Y | R R
BEBTRBHEE . X SERIOEEE R 2
JrEta, BRI, KTy 0l T B S R
R A G . A BBt M HMERER O B Y
Ll FR SRS, — MBS T, R T
HAKAEE PSR R Y STk, BER B
P, AL, R . ARBR AT BRIk o
B ARk, T RIS E AR AL
Gz, HEAERBUN . BUARSGES F . AR
il A AT E . A R R . 3 A B BT AR ),

K25 e AL Iy 0.1 THz ~ 10.0 THz, 4t
FELAM R B 2 (B  FL G I, HAT T RE A
BRI R LA AEE R BAN . Li S 20

FHA 25 B SO ISR AR RN A5 25 1Mk B, (HJR RS
FERMREERIRRAIC, R0 G5 o i s/ )y, R
il R R AR, S TSR . I, —SEpEY
N ORI 2% SRR FIE R 4G 5k, St
SR RAR EAE R, DA SR R AR, R
R A TS N TRk, BA# T aE
WERF AR ZN R ey Ak G s e, SRR R
FHEE, R ML R B /MG R R R
ZIRENE SR IILR, B T AR A
BEROM SE G, Lin 58 A PUSRET KRB 2L R miH A
SEPL T XM SR AR AN, X REAE
WA EE R o Yang S8 N PHRH T —Fh oKk 2% 68
RMAME AT H THIER TN DNA AR 2% B 380615
5909, R ZMEIRA RS, it S bt
RIS REF F R A, SEBLA SRR At AT A= A DNA
%E . Qin 5 NPER I OGS HOR 5 R
456, RRFEIREE ) 2 W R AR A TR, 23R
T Ry 452 J BRIER 91, G 2R TS T vk BE s

LIRS SRR RN, 25 AR IAE R L s T LA
S 2 W R R, KPR 5 mg/L. HET, 7
IR 255 B N 5 v it 3 PR &8 (quality factor, Q)HYA
TG AT TR Q RN R T WUV FE T ] |
XPEFRRETRE Ty, 153 S — A EESEA AR
(effective mode volume, Vi)~ MU £E 25 h] |
X HIRAERE ST, A TR R RS i) 1945 B2 X H
MR A TR, A GRS R I A PERE IR BILAE 20,

210123-2



StE THE, 2021, 48(8): 210123

https://doi.org/10.12086/0ee.2021.210123

TEATSCH, SRy TR B il iy [ ke, FR
IRV T — it o g e 23 758 % 1 4% SR (mo dified
bow-tie sensor, MBS), %L/t It B 1k B AR
FATR R R . MBS U258 B0 i ] — X e 14
X PR B S5 = A T RN PR 1) 32 4 J i iy A By A2
GU, HAPIANEIE = AIE R BRSO . (51
RN, R TR P 1% 24 TR AT H R T
FIMPICHREIRRLZS , X715 AU REAE A T K
MR RERE R . AL TR S 206 Rl i G Ge ik 2
T8 3% 1 5 /%45 (traditional bow-tie sensor, TBS), MBS
FLA B 5T RS A RBHATR Z QY V) o AR SCR
FH e B4R CST Microwave Studio Xf b4 T 7
Fofu g AR 235 PR 2 T P SRR LR AN R AT a3 R bR 4%
OGS R GRS R BT B AT TR A
MBS [ H BN 0.1 ng/mL, Ho TBR AU HFR 1 ng/mL
/N0 5. EFPEATAL T Q/ Ve 1R MR S
RPULIRILE T — PR As, AT HE
AT G R B SR T 2%

2 ERERNEITRIES

2.1 BRENSWILIT R

B 1(a)F1 1(b)53 31 Ay ettt ey ) B 235 70 7 % 1 A Jok
i MBS ML G0 w25 AR Je 1 (L ks TBS (95T
SiRREE . Hoh P P AR SR R ITHY x T y
R AL, LSRR IR, ¢ A=A
TETAMIRIRIC RS, W oOELSEmNir s, FIH
CST WK fif g G B Es A T LA i 1, T4 s )2
NEMREIES, BN 150 nm, HSFHRN 4.561x107

() w L

Py ig

Py

i

S/m, JEHS BRI FERE DY 500 pm, A HLEECH
119, x Fl y J7 B8 WO AR, 2 I mdcE h
TFRGR 5544, K250 (E St y Sl 1)) 3 E A 2
fRiRERaRm TR TR RE 2 S M s, BT
DIfE i fE b E e w. L Al g, HARSHuE
H: P=85um, P=80 um. A | &&=/ G
RN, FATR PR RTY Q/ Ve HE1T 1 AUEIT
B IS E RS B Q, & R
PR GHIRE R TEZ e Ve IRIEFRAE Purcell E it
g,
_ [llee 1By I AV
maxle, | E,, ['] '
P e, A HEEL E, AHRIERE, VIR
FEHE S X AR, I Comsol 4B HAR M- T
B Ve WRFRBU S o 7EILHRET, fUss il 32 B F e
AR TR TP R )7 o] F Y 13 pm,
XTEREA AR T DA% i BRI, FRATTERIC
I ETE 30 pm BYRE B VT TRy, b =4k
N7 TR DX I A A TR B R T SRS R Y R/ NR R
B, B RS AR AR Q) Ver) X —5
b, X TBS )/ IS A 08 R a5 e Tk . 45
MBS EO RN L MES)R R ¢ Kl 2(a)
ST E g(2 pm)A, L WOR[FMEAZE T . A7 i
AT Q1E, Ve 2007 H Comsol #1155
X QI Ve A TRUME AR Z R R .2 L 5 10 um
W, Q/VerikBliK, HAEREIE L(10 um), g BURIEIE
ST IEIIE 20)F7R, X Q/ Ve EATEB T 02,
RER: Y g/, Q Ve K. BEAh, gl 1 pm 12

(1)

eff

(b) LI

Py ig

A1 (a) MBS 149 iALE; (b) TBS 744 4 49451 E
Fig. 1 (a) Top view of MBS design; (b) Top view of TBS design
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Overview: Lead ion pollution in water is becoming a serious worldwide environmental problem. Effective and efficient
detection of lead ion pollution requires sensitive and selective sensors with rapid on-site detection ability for performing
the desired detection. Traditional spectroscopy, electrochemical, and inductively coupled plasma mass spectrometry
(ICP-MS) methods for lead ion detection have some problems, such as complex experimental technology, long measur-
ing period, expensive equipment and so on, which are only suitable for laboratory analysis. In this direction, one appro-
priate alternative approach is exploring plasmonic metasensor technology for low-level lead ion detection, which offers
sophisticated opportunities in lead ion detection and ecological environment protection. Terahertz wave has unique
characteristics of low photon energy, excellent security and the nonionizing effect. Metasurfaces are promising tools that
have facilitated precise screening and recognition of diverse molecules and biomolecules through substantial field con-
finement at subwavelength geometries. The terahertz metasurface sensor stems from its capability to squeeze electro-
magnetic fields, simultaneously in frequency and space. However, the radiative and nonradiative losses limit the quality
factor (Q) of the metasurface. The observation and study of the effectively low mode volume (V) were firstly reported
in the middle of the twenty century, which was primarily established based on quantum electrodynamics. Metasurface
designs with Q/ Vg cavities become extremely important for enhancing the light-matter interaction.

In this work, we demonstrate a modified bow-tie terahertz metasurface platform containing a micron-sized cavity
with an optimized Q/V. value. The structural unit is composed of a mirror symmetrical metallic bow tie in the middle
and two continuous metallic strips on both sides. Continuous metallic strip enhances the overall capacitance of meta-
surface unit cell, which allows the capacitive split gap cavity to store larger electromagnetic energy. When the conti-
nuous metal strip width is 25 pm and the gap size is 2 um, the Q/Vex of the proposed bow-tie terahertz metasurface
reaches a maximum of 2.2 um™ at 0.7 THz. For 4 um thick analyte layer, and the sensitivity is about 80 GHz/RIU (re-
fractive index unit), which is higher than traditional bow tie metasurface. The proposed metasurface is manufactured
using a surface micromachining process and characterized by a THz time-domain spectroscopy (THz-TDS) system. For
the lead ion solution with different concentrations, the experimental results indicate that the resonance frequency of the
terahertz metasurface sensor decreases with the increase of the concentration of lead ion solution on the surface. When
the concentration of lead ion solution ranges from 0.1 ng/mL to 20 ng/mL, the resonance frequency shift shows good
linearity to the concentration of lead ion solution and the limit of detection (LOD) reaches 0.1 ng/mL. It is expected to
provide a new lead ion solution detection scheme for the field of environmental protection and food safety.
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