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Fig. 1

Schematic diagram of metamaterial filter cell structure. (a) Three-dimensional schematic diagram; (b) side view; (¢) schematic

diagram of metal layer structure
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Fig. 2 Effect of metal line width w on filtering performance. (a) Filter transmission spectra at different line widths w; (b) plot of line

width w and center frequency of first resistance band versus bandwidth

0513001-2



a4 % F 5 HI/2024 £ 3 B/EER

3.2 TI-SRR I [8] 8] F& m % i iR 1 B8 BY 52 1D

X — 7 430 P AR AE 4 8 T 10 BR8] B o XoF 8 D% 4 1
AE A E ], PR FF LA S O AR | ol 20 (8] () B om e AN
I 1] B 72( 10,20 ,30 .40 pm) 47 S8 0. 5 &
2803 5 R BN E 3 s . MWE 3(a) ] LA H
Wil 25 R A2 TR) B8 o 04 328 7 365 0K, AT 18 I A 18 1] R A
] # By, o A 23 AT v 3 BB E YT, b VR X A A2 1] R
m AR AR R U B A 23S B B m 04 6/ A 15
TTE N, BEL A T R U A A I IR BE DD

0

Transmission /dB

Frequency /THz

[43

i & 3(b) o] LA H, 2 8] B m AN 10 pm 328 37 384 K 2]
40 pm B 3085 A5 55 — S BEAHP A 9 1 0.238 THz /N3
0.227 THz, M X} H7 96 th 52.44 % & # jd /N 3] 44.51 %,
iRl el WA NN 5 A N L 2 I e L1 R G o i
SoRE B VR o TR INE U8 Uk AR 0 3% I SR TR B K, AN
I BEL U6 O ME RE RO 4R o BT DA TRD B e /DN | 8 U
€S T (PR R s T RN WA N NS B g e R
T R ATAD 2 IR AR o PRI A 3 5 1) B o ) BRI BT
R AT H 2 R A SR ] B A 10 pm

0.51 30.240
—o— center frequency

« o050l ® - = bandwidth
E ’ N 10.237 <
B 0d9f o . g
g . 10234 =2
& 048F L g
& ° AN 10231 €
g 047} “m g
= ) M
(%) ~ 4
S o046l {0228

0.45 - - 0.225

10 20 30 40
m /um

(53] B 0 o 9 62 1 B Y B2 ) o () A [ 160 % TS 02 45 14 028 55385 5 (o) T8] B e 6035 — A BELAE F) v 430 4 5705 58 9 5C AR T

Fig. 3  Effect of spacing m on filtering performance. (a) Filter transmission spectra at different intervals m; (b) plot of interval m and

center frequency of first resistance band versus bandwidth
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Fig. 4 Effect of outer radius R, on filtering performance. (a) Transmission spectra of filters with different outer radii R;; (b) plot of outer

radius R, and center frequency of first resistance band versus bandwidth
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Fig. 6 Electric field distributions of three resonance points. (a) Electric field distribution of frequency f;==0.414 THz; (b) electric field
distribution of frequency f,=0.518 THz; (c) electric field distribution of frequency /;,=0.892 THz
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Fig. 7 Surface current distributions of three resonance points. (a) Current distribution of frequency f,==0.414 THz; (b) current
distribution of frequency f,=0.518 THz; (¢) current distribution of frequency f;7=0.892 THz

0513001-4



%4435 E5HI/2024 &£ 3 B/REEIR

J VIR BT AT A A, FL AT AR 3 T R S I 1) AR R .

G5 U A 1 R 37 43 A R R T RO 0 A e AL T
B 0.414 THz AL, 12 4 8 4R B 00 09 9 i 3 4 A
FORTE R IF OORAL = A T 9 ki & il B, DT 7= AR i
PR [ FEA R 0.518 THz AL, I J2 4 J8 i IR B0 (1 L
Yo A Fon e B R FF OSRAL = A TR B R, T 24
JE IR BT HE IR OO A A /N HL 3 A A, N
T AL B R, T AR T IR AL AR R
0.892 THz Ak, b N2 & @R M u A s i 3550 1
X 2 S5 2 Rk 2R T A B A R AR T A
HIRE A VER 77 A R A £ 45 1 IR Ak 3R T R AL AE
4 B PR 50T N AN 4 A 3 Bl L LR TE 4 R RS R LT
bR TF 0 BR Ak A i A IR 2 S A F R D A R
5 R A SR S I FR R I 1) B 4 Ok 4 R e T
IR I8 A ML B 5 R BN E

4 I T

>R F AN D' 200 5 R Tl 45 8 52 A% 1SS RE A, 360k
JIr BTt R AR T Hz A7 BHL 08 I % 1) 07 008 I P g, 1 4
AR S . B e AT HEB AR A HI/E, R 5 cm
BCHSFE AR, EOCROR A o KA B9 100 pm 3R 19 IE fi
HEAT 2 W UL BE A DN R L S N R 25 B T K R UG
P BB 5~10 min, 2 B A8 B, e n AR T

Polyimide plating

AZ5214 photo-resist

Ti /Copper
i ﬁ E plate

ffi FH &5 FHR. Micro. 200 (%35 % 5% 45 DA 2 nm/s
Y B 28 X 100 pm JE B 1Y 5 1 I i 5 i 4 — )2 20 nm
B BA , DA R 38 43 T A BT bR 25 5 0, T S )R
BEA 1 pm B 8 5K R 500 s, W B AL R TR = IR
(25 °C) AT o PR B Y JE R A /N R R e, T LA
PO X EREE A DI O N2 ) R [ g T R
AZ5214 1EPEYEZ1E L 4000 r/min B9 %5 4, FLIZ 30 s 33
17620 e W T U, A5 D6 20 e v] LA S8 &) iR SR TE 4 J 3R
T, B U 56 B4 05 78 100 “CR M & BT 2 min fRIEG
ZIREHE T R 2 i AR G i AR AR, DA A X o
7 2, £l MAG BEEHLLL 100 mW /em” /Y B G 3 R
PEAT B E , BROG I ) 29 R 7 s, B O I W5 RE S R TE in A
B F U120 CHE#E 15 min, L4 5E 5 £ F§ TMAH
B R B B0h 2.38 % B IR IR 45 s LASEEL B 5, O
EHE T KPP HITER20s A4, B HKT, D
T2 H R R IBE Z o ML 7E B+ 58 5 O 400 eV |
P 120 B 45 18 F X 42 J@ 14 TG 3 0 8E 47 4 B 240 ol
Z PRy ] Sk 20 min, ¥ AR BEAE 20 (CAE A . 2l 4
Joi s R T A R A TR O 2 B A P DR A T R R A
HE YE 10 min, 2R 5 FH 55 P B8 75 5 U6 5 min, R 25 55
FIKIEVE S min, FeJa AR T, BI S8R T 202 H AT R
T AR B A o (P B MERR L, 5 A TR XA
SRR 55— R A7 61 2% A5 2302 A R 8 I 25 -

bl s s s i s
‘:-:gmas

k

glue exposure

D — I — i —

terahertz des g

band-stop
filters

etch expose

K8 It 2 ) H A

Fig. 8 Specific process of micro-nano lithography
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Fig. 9 Filter object and metal resonance unit. (a) Filter sample physical drawing; (b) structure of metal resonance unit under electron

microscope
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Table 1 Main parameters of all-fiber coupled THz spectrometer

Main parameter Value
Spectral range /THz 0.1-5.5
Spectral resolution /GHz <2.5
Dynamic range /dB >85
Operating temperature /°C 0-40
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Fig. 10 Test spectrum map of THz band resistance filter sample
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Abstract

Objective Terahertz filter is an important functional device for realizing terahertz imaging, terahertz communication, and
other terahertz application technologies, and in-depth study of terahertz filters plays a great role in promoting the
development of terahertz technologies. Therefore, the design of terahertz filters with a wide range of adjustable center
frequency, sensitive bandwidth adjustment, deep modulation depth, simple structure, and multi-band transmission
performance has become an urgent problem. In this study, a metamaterial terahertz band-stop filter based on two
intersecting split-ring resonance (TI-SRR) is designed. It can effectively expand the bandwidth adjustment range, adjust
the center frequency, reduce the transmittance, and make the stopband attenuate rapidly. At the same time, it has multi-
band filtering and is easy to fabricate and process. The metamaterial terahertz band-stop filter has high application value in

the field of new communication equipment and precision instruments.

Methods

line width, inter-ring spacing, and radius size of the TI-SRR. The transmission coefficients of the filter under each

In this experiment, the effect of each parameter on the performance of the filter is investigated by varying the

parameter are compared, and the design scheme with the best performance is summarized. The electric field and surface
current distributions at the three resonance points of the metamaterial band-stop filter are analyzed, so as to investigate the
working mechanism of the filter. In order to verify the calculation results of the theoretical model, physical samples of the

filter are prepared by micro-nanolithography and tested using a terahertz time-domain spectroscopy (THz-TDS) system.
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The results of the actual measurement and simulation are compared to find the cause of the error.

Results and Discussions Simulation experiments are carried out on several parameters of the metamaterial terahertz band-
stop filter, while other parameters are kept unchanged. When the line width w gradually increases from 2 to 14 pm, the
filter’s first stopband bandwidth increases from 0.190 to 0.253 THz, and the relative bandwidth radually increases
from 44.98% to 54.33%. The bandwidth range increases, and the center frequency is shifted to the high-frequency
direction, while the filter’s modulation depth deepens. However, as the line width increases, the resonance in the ring is
strong, and clutter appears at high frequencies. The line width w is selected to be 10 um (Fig. 2). When the spacing m
gradually increases from 10 to 40 pm, the first stopband bandwidth of the filter decreases from 0.238 to 0.227 THz, and
the relative bandwidth gradually decreases from 52.44% to 44.51%. The bandwidth of the filter decreases slightly, and the
adjustment of the spacing allows the filter bandwidth to be adjusted precisely. The transmittance of the filter is gradually
increasing, which is not favorable to the performance of the band-stop filter. Therefore, smaller spacing indicates a better
filtering effect. However, as the spacing m decreases, the resonance in the ring becomes stronger, and clutter occurs at
high frequencies. The spacing m is selected to be 10 pm (Fig. 3). When the outer radius R, gradually increases from 56 to
68 pm, the inner radius R, gradually increases from 56 to 58 pm, and the first stopband bandwidth of the filter increases
from 0.222 to 0.261 THz. The relative bandwidth increases from 47.65% to 61.34% , and the effective bandwidth of the
filter increases. The filter performance transmittance is reduced within the effective bandwidth, and the filter performance
is improved. However, with the gradual increase in the radius, the filtering effect of the third resonance point becomes
worse, and the outer radius R is selected to be 60 pm after comprehensive consideration (Fig. 4). The physical samples of
the filter are prepared by micro-nano lithography (Fig. 10). The measured results are shifted at each resonance point
compared with the simulation, and the measured stop-band suppression effect is not as good as that of the simulation.

Especially, the gap is obvious at the high frequency, but the overall curve trend remains consistent.

Conclusions In this study, a terahertz band-stop filter based on metamaterials is designed to optimize the performance of
the filter by varying the metal line width, inter-ring spacing, and metal open-ring radius, and the optimal design is
concluded. The working mechanism of the filter is analyzed based on the electric field and surface current distributions of
the terahertz filter. The physical filter samples are prepared by micro-nano lithography and tested by the THz-TDS
system. Test results are comparable with the simulation results considering the errors in the test process. The band-stop
filter has the advantages of a simple structure, adjustable center frequency, fine-tunable bandwidth, wide range

adjustment, low stopband transmittance, and deep modulation depth.

Key words metamaterials; terahertz; band-stop filters; micro-nano lithography; terahertz time-domain spectroscopy
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