% 52 K% oM b Hg oL TR 2023 49 A
Vol.52 No.9 Infrared and Laser Engineering Sep. 2023

AEHREABMH S HEB RS ABRERR

EFA, FRA, AR, F RS 2oL 2 RS FRES LA Y, F2H

(1. REFR AL TR, LA RE 277100;
2 RERR fFEMFE TSR, LA RE 277100)

B OE: RE—FoRH-2 58 L0 XMHEERE, oA A 624 Dirac 5 W4 KAER
S AR S0 0 R AR B SR A R m IR B R R FILT SRR IR KN SRR R AR, FhY
REW, BB EME =058 THz LA L£— R 095400, Bz 405 e 8 M 5 BB 7 R R 09 38
ISt B e Ak, A B ST RR AR A AR B AR AR, B AL BN B 09 TARKR B 107 fg/mL E4 ., &
I8, AAE BB BRI 2 SRR X R A PRI RS R AR LM AR, XER ML L
BT VA g i 4 B3 AT . 4Bt A AR £ P AME BAS AR, BT VA LT - RER IR OR
R R HAE AR, SOPIR B BN R R T R ZARM R ZRERARERBRET H B,

KR KHERHA; BRE;, 6E4H; SHBIK
hESHES: TB34 NEtrERE: A DOI: 10.3788/IRLA20230045

0 35l

K Mk 2% (Terahertz, THz) 3 18 % 48 3 R 7 0.1~
10 THz 35 Bl P9 (9 B R I0 . THz B HLAA IR BE = . a5
PEL TR B AR, TE R B L BB A S R
SRR A A R R SR U, A, THz i e
BUN FHET X)), HARR B AR S0 HE Y S
Koy 3 s A, 318 T A AW B i A% I8 g — 7 T,
Z A Lo N A3 8] i R 3h A sl /b 7E THz %
B, X WKT T THz 35 FIRBIRE 1, XF A Lo 1% Jk
BAHEKRE XY, K, THz B A5 B4 0 b %
B KR OCTE . AR, BT REZERAAEHS THZ I/
AHE AR5, X THz 3 03RRI AT SR T i 5K
Pk

R B AR SR — 2 pl S 30 < 25 4 BRI A B P N 3 B
Gl o ROK RUEE (68 A1 RE 815 184 58 X THz I A9 7, 3
R R AR THz DI RE s F R4t 1T —Fhfig e 7 20719,

T

R M, R S AL I OT (Surface Plasmon Polariton,

SPP) ™ A= 14 5it Jm) Jak L 375 B (07 Ao el o J] P B85 14 4

Yis B EA:2023-02-02; 1517 HHB:2023-04-10

B S 3] THz {55 1 v, 33k & e R 0
AN BE R i S R TR = S

GRS AR 1 B AR A3 1, R TR bk 2%
B S BT S HE R ) A% Sk 72 AR ik 24 | B2
1 i Al A U 5 F N YT, 2021 4F, Zhang
SRR T — Tl A LR 1 s S R
IO A i 1) i 2 18 2 S DA 2 18k 2 s 41 10 1531 i
SR, ST = R R A TR T U R ok R A
T, KR B BAGAE] T 102 mg/mL, 2022 4F, Ma %51
NHIAE T H 3R i - E 38 i B [ 51 20 1 A A2 Sk 8%
A AR RE % 38 1k THz 325 565 1% 4 2% 114 s £ 55 AT L
P, SEAR A B b 2 R e U e 1 Y R
KA B A 0.2 mg/mL. SR, 2 B AT~ Ik, #&F THz #
AR B WAL B 1A A AT AR AR D, HLA A R B
FERAR . PRI By o DR, % e R, Tl DUR
0 PR o R R R VA W ) 1% SRR AR 2 THz B B R D g
AT ST Y — T SR

A BIETE T 5 A I T A LR

EE&WH: HF AAREIETH (61701434, 61735010, 61675147, 62201496); LI R4 H RFL# 54T H (ZR2020FK008, ZR202102180769,
ZR2022QF054); Z& 12 T H LI 430 H (tsqn201909150); L1444 oA 7 QIR 1035 H (2019KIN0OT)

EZ B TR, 55, JHm, 1, 2 AFORATRIRBE 22 D RE 5107 T AR 9T

BIRAEE: 2B, 2o, Wi, RIS, 2SR RR R 2E DI RES 4 5 T ST

20230045-1



ISk A2

%94

www.irla.cn

% 52 %

Xt THz #5188 0 (14 o 1 7 75 B8 2038 48 F F G 3R
5, AR PR RE, NI B iz . SCrh it il
T L A S 0 B BT R A R ) B A Y
THz bR RER, FHRIE T BT THz A i (E A
37 22 08 AN [ P AT 2 R T IR W I . SE R 45 SR AR
Wt 5 T VA JEE (X3 I0, F A =058 THz Ab 115 fi i
R ELSE T e PR e A, i S ) AR 6 2 L RE XS AN
[ R BE AR e R o AR RERS 45 5 THz B B IR
TRIARSZ 22 A A28 B 36 A3 2 R S BRI, I HLAE S SR
(e BER BRAA 2 T 107" fe/mLo 3% TAE N & R R4
K25 R R R ST AL AR T Tk

1 XEHES5HERE

BT RIS KA 1.5 emx1.5 em Ay SiO, J
JEE . L e (polyimide, PT) J2 . 4 J@ 45 #4 B4 51 LA K
R S T . BT 1(a) oG WA T 1Y
&R A RS OR B 0 S50 S5 50T h 4 R iR
W EZ T A A B TS BRI LS 454
BT EAR RS S 80N 1A 1(b) firR: 258 BT i K
L=180 pm, J7 & 4 J& FAHE 1 K L,=150 pm, 5% B g=
5um, HEPN EIE i — A28t 1L G s 40 45 A T
z BlBE 5% =R (BRI % 90°) 345 . H A5 R a=
20 um, b=5 pm, c=14 pm, d=5 pm, e=18.5 pm, /=30 pm,
tE R R 02 pm.  PIE 8 pm, SiO, i K J& &

K1 () D% AR N a5 1 8 IR A5 RS Rl A 248); (b) &8
VB S5 TR TRIAT; (o) 1l TARR IR (d) e B T
TH I Z R 1% RS

Fig.l (a) Microscopic image of the fabricated metal array (without
graphene); (b) Schematic of the unit cell of the metal array;
(c) Schematic of the working sensor; (d) Microscopic image of the

fabricated sensor covered by glutamic acid
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Fig.2 (a) THz transmission spectra for the Dev.2, where the red line indicates the experimental result and the black one indicates the simulated result; the

simulated electric field distribution for (b) /=0.35 THz (the resonant dip D,) and (c) /=0.82 THz (the resonant dip Dg), where the red color

represents the maximum electric field intensity, and the blue one represents the minimum electric field intensity
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Fig.3 Transmission spectra for (a) Dev.1, (b) Dev.2, and (c) Dev.3 covered by glutamaic acid solution with the concentration of Cy-Cg; AT as a function

of the solution concentration for (d) Dev.1, (¢) Dev.2 at the resonant peak P, and (f) Dev.3 at /=0.58 THz

* 1 5EMBENAHZBM A S BERERFJHLE

Tab.1 Comparison with reported THz amino acid

sensors
Reference Sensors LOD
[17] MM ~107 mg/mL
[18] MM 0.2 mg/mL
[19] Gr+MM 10 ng/mL
This work Gr+MM ~0.1 fg/mL

MM: B ¥} Gr: £ 80 ; LOD: HEM K FRMM :metamaterial;

Gr:graphene; LOD:limit of detection
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Fig.4 The evolution of Ep in graphene energy band with the increasing

solution concentration
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Fig.5 AP spectra for (a) Dev.1, (b) Dev.2, and (c) Dev.3 covered by the glutamic acid solution with the concentration of Cy-Cy; the slope extracted from

AP spectra as a function of the solution concentration for (d) Dev.1, (¢) Dev.2, and (f) Dev.3
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Graphene-composite metamaterials-based multi-dimensional

ultra-sensitive glutamic acid sensor

Wang Ziqun', Li Zhenhua', Hu Xiaofei', Xu Liang', Wang Yaru', Wang Meng',
Li Yuanping'", Yao Haiyun', Yan Xin'?, Liang Lanju'

(1. School of Opto-electronic Engineering, Zaozhuang University, Zaozhuang 277100, China;
2. College of Information Science and Engineering, Zaozhuang University, Zaozhuang 277100, China)

Abstract:

Objective The pursuit of ultra-sensitive amino acid sensors is of great significance for biomedicine and
chemical industry. Due to their low energy, high permeability, and fingerprint, terahertz (THz, 1 THz = 10'* Hz)
waves are excellent candidates for the nondestructive detection of biochemical substances or molecules. For
metamaterials, the strong local electric field generated by surface plasmon polariton is conducive to reflect the
subtle changes of the surrounding environment into the THz signal spectrum, which provides an excellent
platform for the development of ultra-sensitive, nondestructive, and unlabeled amino acid sensors. Up to now,
however, few researches have been reported on amino acid sensors based on THz metamaterial. Therefore, the
development of ultra-sensitive sensors that can detect amino acid solutions with low concentrations is an

important subject in the realm of THz functional devices.

Methods Taking full advantage of the sensitive response of the Fermi level (Ef) around the Dirac point in the
graphene energy band to the sample in conjugation with the electric field strongly confined on the surface of the
metamaterial, a terahertz sensor composed of graphene and metal metamaterial is proposed to realize the multi-
dimensional ultra-sensitive sensing for glutamic acid. The designed sensor (denoted Dev.1) consists of a SiO,
substrate, polyimide (PI), metal arrays, and single-layer graphene. The detailed structure parameters of each metal
pattern are as follows: L;=180 pm, L,=150 pm, a=20 pm, b=5 pum, c=14 pm, d=5 pm, e=18.5 um, /=30 um
(Fig.1). The thickness of the unit cell, PI, and the substrate are 0.2 um, 8 um, and 300 pum, respectively. THz
transmission spectra of the sensors are measured by THz-time domain spectrometer, and glutamic acid solutions
with seven different concentrations are prepared: Cy=0 fg/mL, C;=1.25x10"" fg/mL, C,=2.50x10"" fg/mL,
C;=1.08x10" fg/mL, C,=4.32x10* fg/mL, Cs=3.63x10° fg/mL, C4=1.03x10"* fg/mL. The simulation part is

implemented by the time domain solver.

Results and Discussions  For Dev.1, there is a significant resonant peak at /= 0.58 THz in the transmission
spectra, which is attributed to the coupling between two groups of electrical dipole resonance modes (Fig.2(b)-(c),
Fig.3). More importantly, the peak amplitude first increases and then decreases with the rising solution
concentration. It means that taking AT (AT=T,~T¢,, where Tc,(T¢,) is transmittance for the sensor covered by C;
(Cp) glutamic acid solution) as the sensing indicator, the proposed sensor can detect the minimum value in the
order of 107 fg/mL. Such ultrasensitivity can be rationalized by the ultra-sensitive response of Ep around Dirac

point to the surrounding environment (Fig.4) in conjugation with the confined field induced by electrical dipole
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induced. In addition, one can find that the slope extracted from AP(f) (P(f) =Pc,(f)—Pc,(f), where Pc,(f)
(Pc,(f)) is the phase of transmitted THz for the sensor covered by C; (C,) glutamic acid solution vs frequency also
exhibits quasi-linear dependence on C;, and holds monotonically increasing within the range Cy-Cs (Fig.5). It
demonstrates that the slope related to phase difference can be cross-verified with AT to realize multi-dimensional

and ultra-sensitive detection of glutamic acid solution with the concentration of Cy-Cs.

Conclusions A multi-dimensional ultra-sensitive THz sensor composed of graphene and metal metamaterials is
proposed for the detection of glutamic acid concentration. The experimental results show that there is a
transmission peak at 0.58 THz in the THz transmission spectra, which originates from the coupling between two
modes of electrical dipoles. With the increase of glutamic acid concentration, the transmission peak amplitude
increases first and then decreases. Taking the peak amplitude as the sensing indicator, the limit of detection for the
sensor can be as low as the order of 107" fg/mL. The strong confined electric ficld on the surface of the
metamaterial together with the sensitive response of the Ef in the graphene energy band to different solution
concentrations causes significant changes in the electromagnetic properties of the device and the corresponding
transmitted THz wave, which is the main reason for the ultra-sensitive sensing characteristics for the composite
device. In addition, the effect of glutamic acid solution concentration on the phase of transmitted THz wave was
also studied. The results show that the slope extracted from phase difference-frequency curves has a quasi-linear
relationship with the concentration from C, to Cs. Therefore, it can also be utilized as an indicator to detect the
concentration of the glutamic acid solution with 10~ fg/mL. This work has contributed to the development of THz
metamaterials in amino acid sensors.
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