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Research on reflectionless metasurface with a high refractive index in the
terahertz waveband
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Metasurfaces are artificial materials consisting of numerous minute
meta-atoms with subwavelength dimensions and enable the control of dielectric and magnetic
properties resulting in the arbitrary design of a refractive index and reflectance. In 2017, we
produced a reflectionless metasurface with a high refractive index of 6.66 + j0.123 and reflectance
of 1.16% in the 0.3-THz band. This research presents a reflectionless metasurface with a high
refractive index in the terahertz waveband above 1.0 THz. Measurements by terahertz time-domain
spectroscopy verify material properties with a high refractive index of 5.88 + j1.57, low
reflectance of 1.3%, relative permittivity of 6.73 + j0.85, and relative permeability of 5.03 + j2.
11 at 2.97 THz.



5G 6G ([21.[2]] [[3],[4]]
(5] (6]
(CW) 1.0THz THz [[7-
[10]] Cw
15
[11] 31 (MgO)[12] 34 (SHI13]
(
)
2017 0.3THz 6.66 +j0.123 1.16%
[14]
10THz 3.0THz
[15] 1 30THz
I
2(b) (o)
2(b) LC
2(c) LC
(a) Cut metal wire (b) %} (c)
i il L -
locident, |||““HIH" mﬂ{gmmf W y f}< %
' llllllg,'gml","gmﬂ,” ) R0 2
o] | "ull' ﬂmﬂf Iz =
el Maeee , e A
] il | Sl -
|l“|'|=gllll'| H : ¢ BoL b % o
5 JdE -
)\ ‘:gl:hﬂ,,'ﬂ:; .ﬂ ‘fff' Transmitted * /f > S
Lt li':ll' THz wave | ¥ E G E 333
H k ':I“:ﬂ'll"g g A S0 [ A 3 E/
' i"l"bIl * , [P 2
Yy ol H k T H k I
\(X ‘J"I i Yy *,r/r/r y
7o Dielectric X X
Z s substrate kIz Aklz
1(a) (b) (c)
[16] 2
[17] 3.0THz 4.9x10°+j1.8x1059m 3.4x107+j1.6
x107S/m 4.9 x 107 +j2.3 x 107 Sm
3(a)—(d) g I 3.0THz
1.8 +j0.04[18]
3.0THz 4.9 x 10%+j1.8 x 105 S¥m[17]
w=8.93 um s=4.5um t =140 nm
d=5um ANSYS HFSS S
Su Sa [19]
d+2t 5.28 um 3
[=253um g=6.5um 7.91+j1.17 9.87% 5.52-j3.12

6.96 +(7.28



(x107) 7.0——

L L | L
c 1 ——Reta) (Silver paste ink)
-U\) ****** Im(a) (Silver paste ink)
“b’ Re(o) (Gold)
S VO o et oA e Im( ) (Gold)
."§ —Re(o) (Copper)
= [ eieeL., ] Im(o) (Copper)
5
S
2
o 0.1
O
0.04 L
0.1 0.3 1.0 3.0 10
Frequency (THz)
2
(a) (b)
9.0 100
8.0 90
9 7.0 100 .
. 60 50 70
5 5.0 % 80 60
55 20 < 70 50
2 ; 8 60 40
5= 3.0 § 50 30
T2 2.0 S 40 20
QG = 30
eg 10 T 20 10
2 0.0 € 4o 0
0
28 &
N
] 520 @o
(c) (d)
100 100
90 90
80 80
70 1%% 70
z 80 60 = 80 80
e 7 50 =70 50
8 60 40 @ 60 40
E 50 30 o 50 30
£ 40 5 40
e 20 g 20
% % 10 30_ % 10
S 10 30Llg 10 30llg
=0 0
26 & & 15 26 &
“a, “a,
T V20 & iy T
4 5 4 5 3
(e) i)
40 8
35 6
40 30 A
;; 25 = 4
=290 20 55 2
e T Q
3E2 N EE 0
2 10 =2
& g 1 5 & Q -2
S -1
° 30Llp _% 4
2845 Q&
(4,
Y L . K] i "
3(a) (b) (c) (d) (e) ()
(THz-TDS)
Toptica  Teraflash 3.0THz 0.4mm
2.0 mm ( )
1000
3.0THz 0.7mm

7.9mm

30000
3 @ (b)

(© (d)



75 um 150 um

3
297 THz 5.88 +j1.57 1.3% 6.73
+j0.85 5.03+j2.11 297THz 7.47+j0.79 4.3%
6.61—j1.83 7.30 +j3.82
[20] [21]
4 4@ (b)
3(c) 3.0THz 3.5THz
4(a)
4(b)
(a) (b)_
. 10— f100—————
g 8 = Srmiaione E gol. ZSimaatons
2 6 E 60j
2 4f B a9
g 9 =
£ 2 g 20f
()] c
i 0. " PR PRl .. ‘g PR B 1 Ly
20 25 30 _35 40 < 20 25 30 35 40
Frequency (THz) & Frequency (THz)

<
(1]
(2]
(3]
(4]
(5]
(6]
(7]

(uL 30 L L L :‘: 8 M

- [ = Measurements > = Measurements

= [ —Simulations = sl —Simulations

2 20 3

= r aq

£ L . GEJ 4F

o 101 ? s Re(u)

3 [ 5 ., o 2

T | 5 ;

@ -10 . . £ 2 . . e

20 25 3.0 3.5 4.0 2.0 2.5 3.0 35 40
Frequency (THz) Frequency (THz)
3(a (b) (© (d)
(a) {b)

30 ; ; 100 . . .

5 «-Measurements == Measurements

= — Simulations ~= 80} —Simulations 4

E £

+ £ 40

5 o

= z 20

£ | o —_ -

- -10 1 1 L ] -20 L. 1 L

2.0 25 3.0 35 4.0 2.0 2.5 3.0 35 40
Frequency (THz) Frequency (THz)
4(a) (b)
>
S. Dang, O. Amin, B. Shihada, and M.-S. Alouini, “What should 6G be?” Nat. Electron. 3(1), 20-29
(2020).

T. Nagatsuma, G. Ducournau, and C. C. Renaud, “Advances in terahertz communications accel erated
by photonics,” Nat. Photonics 10(6), 371-379 (2016).

H. Guerboukha, K. Nallappan, and M. Skorobogatiy, “Toward real-time terahertz imaging,” Adv. Opt.
Photon. 10(4), 843-938 (2018).

D. M. Mittleman, “Twenty years of terahertz imaging [invited],” Opt. Express 26(8), 9417-9431
(2018).

T. Nagatsuma, H. Ishii, and T. Ikeo, “Terahertz imaging based on optical coherence tomography
[invited],” Photon. Res. 2(4), B64-B69 (2014).

J.Ma, R. Shrestha, J. Adelberg, C.-Y. Yeh, Z. Hossain, E. Knightly, J. M. Jornet, and D. M. Mittleman,
“Security and eavesdropping in terahertz wireless links,” Nature 563(7729), 89-93 (2018).

S. Hayashi, A. Ito, M. Hitaka, and K. Fujita, “Room temperature, single-mode 1.0 THz semiconductor



(8]

(9]
(10]

(11]

[12]
[13]

[14]

[15]
[16]

[17]

(18]

[19]
[20]

[21]

source based on long-wavelength infrared quantum-cascade laser,” Appl. Phys. Express 13(11),
112001-1-112001-4 (2020).

M. Asada and S. Suzuki, “Room-Temperature Oscillation of Resonant Tunneling Diodes close to 2
THz and Their Functions for Various Applications,” J. Infrared Millim. THz Waves 37(10), 1185
1198 (2016).

T. Maekawa, H. Kanaya, S. Suzuki, and M. Asada, “Oscillation up to 1.92 THz in resonant tunneling
diode by reduced conduction loss,” Appl. Phys. Express 9(2), 024101 (2016).

M. Razeghi, Q. Y. Lu, N. Bandyopadhyay, W. Zhou, D. Heydari, Y. Bai, and S. Slivken, “Quantum
cascade lasers: from tool to product,” Opt. Express 23(7), 8462—8475 (2015).

T. K&i, Y. Tominari, T. Yamada, S. Saito, |. Morohashi, and A. Otomo, “Terahertz-wave generation
devices using electro-optic polymer slab waveguides and cyclo-olefin polymer clads,” Opt. Express
26(23), 30466-30475 (2018).

J. Han, B. K. Woo, W. Chen, M. Sang, X. Lu, and W. Zhang, “Terahertz Dielectric Properties of MgO
Nanocrystals,” J. Phys. Chem. C 112(45), 17512-17516 (2008).

D. Grischkowsky, S. Keiding, M. v. Exter, and C. Fattinger, “Far-infrared time-domain spectroscopy
with terahertz beams of dielectrics and semiconductors,” J. Opt. Soc. Am. B 7(10), 2006-2015 (1990).
Koki Ishihara and Takehito Suzuki, "Metamaterial Demonstrate Both a High Refractive Index and
Extremely Low Reflection inthe 0.3-THz band," Journal of Infrared, Millimeter, and Terahertz Waves,
vol.38, no.9, pp.1130-1139, Sep. 2017.

Harumi Asada, Kota Endo, and Takehito Suzuki, "Reflectionless metasurface with high refractive
index in the terahertz waveband,” Optics Express, vol.29, no.10, pp.14513-14524, Apr. 2021.

F. Monticone and A. Alu, “The quest for optical magnetism: from split-ring resonators to plasmonic
nanoparticles and nanoclusters,” J. Mater. Chem. C 2(43), 9059-9072 (2014).

K. Takano, T. Kawabata, C.-F. Hsieh, K. Akiyama, F. Miyamaru, Y. Abe, Y. Tokuda, R.-P. Pan, C.-L.
Pan, and M. Hangyo, “Fabrication of terahertz planar metamaterials using a super-fineink-jet printer,”
Appl. Phys. Express 3(1), 016701 (2010).

H. Tao, A. C. Strikwerda, K. Fan, C. M. Bingham, W. J. Padilla, X. Zhang, and R. D. Averitt,
“Terahertz metamaterials on free-standing highly-flexible polyimide substrates,” J. Phys. D: Appl.
Phys. 41(23), 232004 (2008).

X. Chen, T. M. Grzegorczyk, B-1. Wu, J. Pacheco, Jr., and J. A. Kong, “Robust method to retrieve the
constitutive effective parameters of metamaterials,” Phys. Rev. E 70(1), 016608 (2004).

M. P. Kirley, Student Member, IEEE, and John H. Booske, “Terahertz conductivity of copper surfaces,”
|EEE Trans. THz Sci. Technol. 5(6), 1012-1020 (2015).

A. F. Horn, J. W. Reynolds, and J. C. Rautio, “Conductor profile effects on the propagation constant
of microstrip transmission lines,” in Proceedings of 2010 IEEE MTT-S International Microwave
Symposium (IEEE, 2010), pp. 868-871.



Takehito Suzuki, Kota Endo, Jaeyoung Kim, Kazuisao Tsuruda, and Masashi Sekiya

28

Metalens mounted on a resonant tunneling diode for collimated and directed terahertz waves

2021

Optics Express

22165-22178

DOl
10.1364/0E.427135

Harumi Asada,Endo Kota, Takehito Suzuki

29

Reflectionless metasurface with high refractive index in the terahertz waveband

2021

Optics Express

14513-14524

DOl
10.1364/0E.420827

Takehito Suzuki, Kota Endo, and Satoshi Kondoh

28

Terahertz metasurface ultra-thin collimator for power enhancement

2020

Optics Express

22165-22178

DOl
10.1364/0E.392814

Takehito Suzuki and Harumi Asada

28

Reflectionless zero refractive index metasurface in the terahertz waveband

2020

Optics Express

21509-21521

DOl
10.1364/0E.395223




Takehito Suzuki, Masashi Sekiya, and Hideaki Kitahara 58

Terahertz beam focusing through designed oblique metal-slit array 2019

Applied Optics 4007-4013
DOI

Takehito Suzuki, Tatsuya Sato, Masashi Sekiya, and John C. Young 58

Epsilon-near-zero three-dimensional metamaterial for manipulation of terahertz beams 2019

Applied Optics 3029-3035

DOl
10.1364/A0.58.003029

21 4 6
50THz
2021 68
2021
0.3THz
2021 68

2021




Kota Endo, Jaeyoung Kim, Takehito Suzuki

High Refractive Index Metasurface For Terahertz Flat Optics

MM6, IRMMW-THz 2020

2020
2020 81
2020
2020
2020 67

2020




MWE 2019

2019
2019 80
2019
0.3THz
2019 80
2019
2019 80

2019




Haruaki Nakao and Takehito Suzuki

Terahertz 3D Components Made from Metamaterials

IRMMW-THz 2019

2019

2019

Takehito Suzuki, Harumi Asada, Kazuhisa Watai, Haruaki Nakao, and Kota Endo

Reflectionless metamaterials with high refractive indices for manipulation of thermal radiation

The 9th International Symposium on Radiative Transfer

2019

Takehito Suzuki

Double-side paired cut wire array antenna for directivity enhancement and control of terahertz sources

JSPS metamaterials 187

2019




Kazuhisa Watai, Harumi Asada, Kota Endo, Haruaki Nakao, and Takehito Suzuki

Meta-surfaces with high refractive index and low reflectance in the 50- and 200-THz bands

JSPS metamaterials 187

2019
3.0THz
2019 66
2019
0.3THz
2019 66
2019
0.3THz
2019 66

2019




Takehito Suzuki

Transparent Terahertz Metamaterial with an Extremely Wide Range of Refractive Indices for Antenna Applications

The Third A3 Metamaterials Forum

2018

10

2018 79

2018

2018

http://web.tuat.ac.jp/~suzuki-lab/index.html







