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Enhancement of terahertz absorption spectrum by stacking
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Abstract: Terahertz (THz) spectroscopy technology has demonstrated great application value in the field of
organic and biological macromolecule detection. However, the traditional sample pressing method cannot be
applied in the actual detection of trace analytes, and additional structures are required to enhance the interac-
tion between the analytes and THz waves. To solve this problem, we propose a terahertz absorption spec-
trum enhancement structure based on stacked one-dimensional photonic crystals (1D-PCs) defect cavities.
The structure employs metal parallel-plate waveguides to separate a series of one-dimensional photonic crys-
tals (1D-PCs) with defect cavities of varying widths, and coats the sample film on a substrate that penetrates
all defect cavities. The incident broadband terahertz wave can simultaneously excite multiple resonant peaks
at different frequencies corresponding to the photonic crystal defect modes in different layers. The enhanced

terahertz absorption spectrum of the analyte can be obtained by linking the envelope formed by these reson-
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ant absorption peaks. The simulation results show that a 0.1 um a-lactose sample can accomplish an absorp-

tion enhancement factor of approximately 303 times in the frequency range of 0.49 to 0.57 THz. This meth-

od offers fast measurement speed and maintains a relatively low sample amount, providing an effective

strategy for the enhancement detection of trace analytes by terahertz absorption spectrum.

Key words: terahertz waves; stacking; defect cavity; one-dimensional photonic crystal; enhanced absorption

spectrum
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Fig. 1 The overall (a) and partial (b) views of the stacked 1D photonic crystal defect cavities, where d,, d,, d, d,, t, Au, and h

represent the width of silicon layers, the width of air layers, the width of the defect cavity, the thickness of the Teflon

substrate, the thickness of a-lactose, horizontal spacing between adjacent defect cavity layers, and the thickness of met-

al plate, respectively. The detailed parameters are d,= 105 um, d,= 150 pum, dyis 250—390 pm, d;= 10 pm, = 0.1 um,

Au=5pm, h=5pm

E 1(0) CERIWH AR PR JBR T N=2, M=
3EFAY SRR LE A . TR ERRE S R DU 20
(Teflon) J& JI 78 6t 3 i v 0] 55 43 24 19 4 ) - Al
X35, A0 Ry il 28 T 8, A i TGS B 2R A2
Bk 2 1 Teflon Hf Ji& (Y 47 51 58 53 51 29 4y 3.44 F0
14600, T BT M R A AR # K, ZE A IR
TG HL G B FE PR O AL B . 42 JE
AL e A R R FHE AR L SR (PEC) #8555
J T R ZH0E JE AR R 2% 0k B HLAT AR
KA 7E x 7 ] 38 WGl A 5 A, 1
y 7 ) b 5T e L R AR I A A, 2 il Tl
FHREH S P A SN R x 7 1M ZE Rl A
NS HEZ S5, BITE y Tiinl. AT LLEF R [R
O3 BT 90 A AL BB 1 B B d, BE 2 BB d, RS
SIZFERE d,. VAVCECA R AT AR AEARR . 7
SR S 5 v R R ] A A R AN, ZEAKOT
(1) Teflon fof JI% T4 il — 2 Wk FE 1Y o- LA, SRS
B AR T, IFam 2t 5 B SO AR R BB, FE
EBRRHAE IR Ky 0.529 THz 1 o-FLBHE S T 45
B

3 R4 R At

ARSCHE H ) 1D-PCs 5 i o B 45 4 R
RN A 7 2 TR AL i 1 o PERAAR 61 e s <
RO ERBARL R O WHRALN o 7= A 19 ey Sl Ak i i
Ty n] L S 25 8 5 SR R 53 B A % AR 4% D 7 TR AL
SR, B3 465 R 1 148 5 S AR PN 1S 5 10000 4
W, T ZEAN TR R i T, A3 — R
PR . SRR AR ICIESCE PR R, R
ROR, ARG PR Js 1 T L HE B B0 T, e 4%
JZ B s 1 R B B 7= A R s — R A P, L
RIS R T

ANEHES ZEL(M=5, 10 F1 15)7ERSNZAEE S
FREL 0.1 pm o-FLBE 25 0F T RSB SR 2
CER DL R /) B o 05 B4 R o, iR
WA 5 5 HE B JE R — —XF BT, 1D-PCs Bl 5
HE e 2 A6 V1 HR A0 236 o 5 S0 B s 5 B o 1 AR 4K
AL, & 2(a)~2(c) Fran, 3 F AR I8 ke i
R B I, 4 S o L 10 pm Y22 250 pm



4 FEDEE (hgEso

#19%

HEME] 390 pm B, IEHRAR L AELLRE, FEARRE
PRI AL ILPRIE TR BEAR ] . an &l 2(d)~2(6) iR,
B 2B M=5 B 10 I}, 7 0.48~0.60 THz i [l 14
TCHk e 2 AR Y WG R, & )24 M=
15 B A BEAE 245 2 1Y a-FUARRRAE I A0S AR 1k
IERA

With 0.1-pm lactose
(d) d=350~390 pm (M=5)

Without lactose
(a) d=350~390 pm (M=5)

I )R T T 107~~~ "~
2 0.8 1 0.8 1
é’ 0.6 1 0.6 1
2 0.4 1 0.4 4
g 0.2 0.2 1
& o 0-

0.48 0.52 0.56 0.60 0.48 0.52 0.56 0.60
(b) d=300~390 um (M=10) (e) d=300~390 um (M=10)
< LOTimnn T T " Lo - - T T T
208 0.8
£ 06 0.6
z 0.4 0.4
€02 0.2
o 0

0.48 0.52 0.56 0.60 0.48 0.52 0.56 0.60

(©) d=250~390 um (M=15) (f) d=250~390 um (M=15)
- 1. —

e O T T T ( T = SIS
208 0.8
£ 06 0.6
z 0.4 0.4
£ 02 0.2
oo 0
0.48 0.52 0.56 0.60 0.48 0.52 0.56 0.60

Frequency/THz Frequency/THz

K2 SR A (a)~(c) AR TR BORE i A (d) ~(6) IR 8K
0.1 pm o-FUMEIE O, S )2 E0 M 7305000 5. 10 7

15 IFRF XL A 25 5
Fig. 2 The transmission spectra corresponding to different
stacking layer numbers (M = 5, 10, and 15) for the
stacked enhancement structure (a)—(c) without sam-
ple coating and (d)—(f) with a 0.1 um a-lactose coat-

ing
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0.49-0.57 THz. (b) The enhanced absorption spec-
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um o-lactose, and the absorption spectrum of an un-

supported a-lactose film amplified by 303 times
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and (b) with a 0.1 um o-lactose coating
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0.6 7- - Enhanced 0.6 7= - Enhanced
0.5 4— Unenhanced (x81) 0.5 {— Unenhanced (x303)

g
= 04 0.4
£ 03 0.3
2 02 0.2
< 0.1 0.1
0 0
0.50 0.52 0.54 0.56 0.50 0.52 0.54 0.56
Frequency/THz Frequency/THz
(a) N=1 (b) N=2

K6 ANRIEEZECN X WIS 5 - 1 52
Fig. 6 The effect of the silicon layers N on the absorption

enhancement factor

0.6 1- - Enhanced
0.5 1— Unenhanced (x279)

g
= 0.4
£
=}
2
<
0.50 0.52 0.54 0.56
(a) h=2 um (b) 4=3 pm
0.6 1- - Enhanced 0.6 7- - Enhanced
.S 82 — Unenhanced (x291) 82 — Unenhanced (x303)
£ 03
£ 02
< 0.1
0
0.50 0.52 0.54 0.56 0.50 0.52 0.54 0.56
Frequency/THz Frequency/THz
(c) h=4 um (d) A=5 pm

K7 SRR b XTI SR K 1Y 52
Fig. 7 The effect of metal plate thickness / on the absorp-

tion enhancement factor

o-FLARIEL B ¢ X W O 33 34 i A AR SR
i 8CR E WL P HL 7R BT 7R, 24 o-FLAE R
£ LL0.1 pm BN 0.1 pm B4ME] 0.4 pm B, %F
O PR SR R AT Y T PR SR AT 18 X 7 4 PR WA
BR300 303, 194, 138 £ 104,

A WLBEE o-FUHEIRRE ¢ (3TN, WOl sR SOR
KT o Y o-FLPEREEERE ¢ h 0.5 pm B, 734

iR I AT T ) i g DA AL S BRIV, S R 1S A AR
Ao WA AR 454 SR B A Jo i i 32 )
REAT PR, IXOLTE 1 RRE A R e R BB i
& o-FLBEEERE ¢ BRI, 2 B RE B B, R
IREN I LB, 3 5iR MAE i BER AN A

0.6 7= - Enhanced

0.6 7- - Enhanced

g 0.5 {— Unenhanced (x303) 0.5~ Unenhanced (x194)
2 04 0 7
£03
2 02
< 0.1
0
0.50 0.52 0.54 0.56 0.50 0.52 0.54 0.56
(a) =1 um (b) =2 um
0.6 1~ ~ Enhanced 0.6 1~ - Enhanced
= 0.5 4 Unenhanced (x138) "5 |— Un/enhanced (x104)
S : \
= 0.4
;
K] B
< 0.1
0
0.50 0.52 0.54 0.56 0.50 0.52 0.54 0.56
Frequency/THz Frequency/THz
(c) =3 pum (d) =4 um

K8 o-FUBHIREE ¢ X M i ik AL 0 5 )
Fig. 8 The effect of the a-lactose thicknesses ¢ on the ab-

sorption enhancement factor

N T T BN AL i, AR SR HE B I T
IR BEH A T B At . NI 22 I ok
XF5F, 12X G SR IO GG ™ A= BRI . ANk 9
CR2 P DL T R RO BTz, S P 22 )2 0 S8 7
S D Axe =1y S, 6F JO7 P 48 53 IR ALY 3% 8 R
REERL (Ax = 0) BFEEAAAIR o 15 BB S5 f
BB RT 1 pm I, /SR 1 BRI I R
N, SR SR, TG AT 2 IE
BRSO . DA SEBRI v R B
XFFF P HER T



TREEHE, S5 —YEo6 1 it A e s HE 2 F) A 2K IR A G 5t 7

== Ax=1 pm

0.50 0.52 0.54 0.56
Frequency/THz

K9 SEALEEEY Ax XFHESRISOETE YR
Fig. 9 The effect of the misalignment distance 4x on the

0.50 0.52 0.54 0.56
Frequency/THz

absorption enhancement factor

N T PP R ZE R O s R RE, H5 LAY
I T B o R T R — A1 R A R B A i
SR S ASOT I RS REAT HURE, S5 R ISR 1
FIE7Rs o AR SCHITBET A — 4B T At VA S g P o S 45
HSEBL T Ik 2 303 fE e K1, R
AT SR ISR BE T, A B TR AR R AT i Y
Rl (Rl RIS . XS IR )
T AR R A28 SO S DN AT AT B R A B TS

R 1 AROFITOESEEFIIBIRBUE BG4 BERIEEER

Tab.1 Comparison of the performance between the structure designed in this paper and the existing absorption-en-

hancement structures

Ref Cell Structure Analyte Multiplexing mode Working band Enhancement factor
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[17] Dielectric pair pillars PMMA Geometry Mid-infrared ~60 times

[27] Silicon 1D - PC a-lactose(0.2 um) Air gap THz ~55 times
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4 % %

ARSCHRE H—Fh 1D-PCs e s ot B 1) Kb 24
TR SR A . 2R AT AR T AR
PR H AR ) 1D-PCs Bl b Jis, 5 a) ] 4y
B, AT b AT 5 T 4 Jm AR A i il
5o B RE IS 2o 22 J2 IR (10 B i i
RZWRWENR . AR IR A 4 BE
g1 BRI BOEIE . X T 0.1 pm JEAY o-FLAH

S LRk

VL, 7 T bR 2 0 B AT S B AR K 24 303 5
M W3 5 DY o B X AR IR TS TR 0.1 pm
a-FURI W SOE RS AR R AR A A 1 PR R 3 00
Ay, FE— LI T HIEsR L b, ARG R SE
WHFE T HEB A H A R R ARk L =% O
HEEBER oL BE BE X WSO SR PR RERY IR o 1%
LR AT — YA Fp 0 ) 1) R A0 SR G, O
HAE SR AT PRAF /N, Ry KA 2% IR 4y Sk
P pt TR T

[1] ZHONG SH C. Progress in terahertz nondestructive testing: a review [J]. Frontiers of Mechanical Engineering, 2019,

14(3): 273-281.

[2] SHENSL,LIU X D, SHEN Y CH, et al.. Recent advances in the development of materials for terahertz metamaterial
sensing [J]. Advanced Optical Materials, 2022, 10(1): 2101008.

[3] LEITENSTORFER A, MOSKALENKO A S, KAMPFRATH T, et al.. The 2023 terahertz science and technology
roadmap [J]. Journal of Physics D: Applied Physics, 2023, 56(22): 223001.

(4] JIANG Y Y, LI G M, GE H Y, et al.. Machine learning and application in terahertz technology: a review on
achievements and future challenges [J]. IEEE Access, 2022, 10: 53761-53776.

[5] ZHU J F, JIANG SH, XIE Y N, ef al. Enhancing terahertz molecular fingerprint detection by a dielectric

metagrating[J]. Optics Letters, 2020, 45(8): 2335-2338.


https://doi.org/10.1007/s11465-018-0495-9
https://doi.org/10.1002/adom.202101008
https://doi.org/10.1088/1361-6463/acbe4c
https://doi.org/10.1109/ACCESS.2022.3174595
https://doi.org/10.1364/OL.389045

REYEE (FP3ES0) %19 %

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

23]

[24]

[25]

[26]

[27]

XIEYN,MA Y J,LIU X Y, et al. . Dual-degree-of-freedom multiplexed metasensor based on quasi-BICs for boosting
broadband trace isomer detection by THz molecular fingerprint[J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2023, 29(5: Terahertz Photonics): 8600110.

ABD EL-GHANY S E S, NOUMAN W M, MATAR Z S, et al.. Optimized bio-photonic sensor using 1D-photonic
crystals as a blood hemoglobin sensor [J]. Physica Scripta, 2020, 96(3): 035501.

ZHANG J T, RAO S S, ZHANG H F. Dual-mode high-Q multiphysics sensor based on the evanescent wave in the InSb
photonic crystals [J]. IEEE Sensors Journal, 2023, 23(3): 2346-2353.

WA, AR, AR R, S ST OB 2 A B GO AT S AR AL R U] ik 5 kg AT, 2021, 41(4): 1039-
1043.

XIE M ZH, ZHANG Y, FU W L, et al.. Microfludic refractive index sensor based on terahertz metamaterials[J].
Spectroscopy and Spectral Analysis, 2021, 41(4): 1039-1043. (in Chinese).

KEL, WUQY S, ZHANG N, et al. . Ex vivo sensing and imaging of corneal scar tissues using terahertz time domain
spectroscopy [J1. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2021, 255: 119667.

XIEY N, LIU XY, LI F J, et al.. Ultra-wideband enhancement on mid-infrared fingerprint sensing for 2D materials and
analytes of monolayers by a metagrating [J]. Nanophotonics, 2020, 9(9): 2927-2935.

LI X J, NIE L, WU H, et al.. Enhancing THz fingerprint detection by the stretchable substrate with a dielectric
metagrating[J]. Applied Optics, 2023, 62(34): 9028-9035.

DING SH, OU J Y, DU L H, et al.. Enhancing ultra-wideband THz fingerprint sensing of unpatterned 2D carbon-based
nanomaterials [J]. Carbon, 2021, 179: 666-676.

LI X J, MA CH, YAN D X, et al.. Enhanced trace-amount terahertz vibrational absorption spectroscopy using surface
spoof polarization in metasurface structures [J]. Optics Letters, 2022, 47(10): 2446-2449.

LI X J, YANG J, YAN D X, et al.. Highly enhanced trace amount terahertz fingerprint spectroscopy by multiplexing
surface spoof Plasmon metasurfaces in a single layer[J]. Optics Communications, 2022, 525: 128777.

ZHU J X, LI X J, YAN D X, et al.. Parameter multiplexing-based terahertz enhanced absorption spectra using ultrathin
metal groove array [J]. Plasmonics, 2024, 19(6): 3359-3366.

TITTL A, LEITIS A, LIU M K, et al.. Imaging-based molecular barcoding with pixelated dielectric metasurfaces[J].
Science, 2018, 360(6393): 1105-1109.

LIU XY, CHEN W, MA Y J, et al.. Enhancing THz fingerprint detection on the planar surface of an inverted dielectric
metagrating[J]. Photonics Research, 2022, 10(12): 2836-2845.

LI X J, WU H, YAN D X, et al.. Enhancement of the terahertz absorption spectroscopy based on the stretchable
dielectric metasurface[J]. Applied Physics A, 2024, 130(1): 50.

WANG Y, ZHANG X J, ZHOU T, et al.. Properties and sensing performance of THz metasurface based on carbon
nanotube and microfluidic channel [J]. Frontiers in Physics, 2021, 9: 749501.

YAN D X, FENG Q Y, YANG J, ef al.. Boosting the terahertz absorption spectroscopy based on the stretchable
metasurface [J]. Physical Chemistry Chemical Physics, 2023, 25(1): 612-616.

LEITIS A, TITTL A, LIU M K, et al.. Angle-multiplexed all-dielectric metasurfaces for broadband molecular fingerprint
retrieval [J]. Science Advances, 2019, 5(5): eaaw2871.

Fe E, LAk, PR, . ST BB AR T A R R R ORBR 2% s g L], F Bk (P 3E0), 2022, 15(4):
731-739.

LI X J, MA CH, YAN D X, et al.. Enhancement of terahertz absorption spectrum based on the angle multiplexing of the
dielectric metasurface[J]. Chinese Optics, 2022, 15(4): 731-739. (in Chinese).

LIU P A, LI W P, CHEN N CH, et al.. Enhancing the terahertz absorption spectrum based on the low refractive index
all-dielectric metasurface[J]. Photonics, 2022, 9(11): 848.

XU J J, LIAO D G, GUPTA M, et al.. Terahertz microfluidic sensing with dual-torus toroidal metasurfaces[J].
Advanced Optical Materials, 2021, 9(15): 2100024,

SHI X M, HAN ZH H. Enhanced terahertz fingerprint detection with ultrahigh sensitivity using the cavity defect
modes [J]. Scientific Reports, 2017, 7(1): 13147.

YAN D X, WANG Z H, LI X ], et al.. Highly boosted trace-amount terahertz vibrational absorption spectroscopy based
on defect one-dimensional photonic crystal[J]. Optics Letters, 2023, 48(7): 1654-1657.


https://doi.org/10.1088/1402-4896/abd49c
https://doi.org/10.1109/JSEN.2022.3229320
https://doi.org/10.1515/nanoph-2020-0180
https://doi.org/10.1364/AO.501933
https://doi.org/10.1016/j.carbon.2021.04.084
https://doi.org/10.1364/OL.452131
https://doi.org/10.1016/j.optcom.2022.128777
https://doi.org/10.1007/s11468-024-02250-3
https://doi.org/10.1126/science.aas9768
https://doi.org/10.1364/PRJ.472114
https://doi.org/10.1007/s00339-023-07205-9
https://doi.org/10.3389/fphy.2021.749501
https://doi.org/10.1039/D2CP04618K
https://doi.org/10.1126/sciadv.aaw2871
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.37188/CO.2021-0197
https://doi.org/10.1002/adom.202100024
https://doi.org/10.1038/s41598-017-13612-9
https://doi.org/10.1364/OL.486433

%18 TREEHE, S5 —YEo6 1 it A e s HE 2 F) A 2K IR A G 5t 9

(28]

(29]

[30]

(31]

LI X J, DING D, YAN D X, et al.. Boosting of the terahertz absorption spectrum based on one-dimensional plastic
photonic crystals[J]. Physical Chemistry Chemical Physics, 2023, 25(32): 21324-21330.

B L3, TR, B, 5. KT HUBOR A HL AT A2 U R AR A e R R & B R (T, AT AL A,
2024,52(12): 1823-1833.

BAIY Y, WANG CHY, TAN Y, ef al.. Single nanoparticle collision electrochemistry for dual-mode characterization of
synthesis process of silver-coated gold core-shell nanomaterials[J]. Chinese Journal of Analytical Chemistry, 2024,
52(12): 1823-1833. (in Chinese).

SOMMER S, RAIDT T, FISCHER B M, et al.. THz-spectroscopy on high density polyethylene with different
crystallinity [J]. Journal of Infrared, Millimeter, and Terahertz Waves, 2016,37(2): 189-197.

R, R, v, L —HEZBIEDL T IR IRRBRIGHEELT]. 22 23R, 2008, 57(9): 5709-5712.

CHEN X F, JIANG M P, SHEN X M, et al.. The defect modes in one-dimensional photonic crystal with multiple
defects[J]. Acta Physica Sinica, 2008, 57(9): 5709-5712. (in Chinese).

EEEN:

+, Bl 8z, Btk S0, 2011 45T
Voo S8 TR R A, A

ol

FEREYE(1991—), 55, HOR s A, 1
&, B, W A U, 2018 4F T
REER RG220, FENFH
JEHAR | R 2% B2 AR 55 T TR TS o
E-mail: yandexian1991@163.com

ZEMFE(1976—), B, I K3 A, 1#

- y
= d

254 F9Y . E-mail: xiangjun_li@cjlu.

edu.cn



https://doi.org/10.1039/D3CP02809G
https://doi.org/10.1007/s10762-015-0219-8
https://doi.org/10.7498/aps.57.5709
https://doi.org/10.7498/aps.57.5709
mailto:xiangjun_li@cjlu.edu.cn
mailto:xiangjun_li@cjlu.edu.cn
mailto:yandexian1991@163.com

	1 引　言
	2 结构设计和工作原理
	3 增强结果和讨论
	4 结　论
	参考文献

