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Broadband terahertz tunable metasurface linear
polarization converter based on graphene

Zhang Hongtao, Cheng Yongzhi*, Huang Mulin

School of Information Science and Engineering, Wuhan University of Science and Technology, Wuhan, Hubei 430081, China

Abstract: A terahertz broadband tunable reflective linear polarization converter based on oval-shape-hollowed
graphene metasurface is proposed and verified by simulation and Fabry-Perot multiple interference theory in this
paper. Our designed metasurface model is similar to a sandwiched structure, which is consisted of the top layer of
anisotropic elliptical perforated graphene structure, an intermediate dielectric layer and a metal ground plane. The
simulation results show that when the given graphene relaxation time and Fermi energy are =1 ps and u:.=0.9 eV,
respectively, the polarization conversion rate (PCR) of the designed metasurface structure is over 90% in the fre-
quency range of 0.98 THz~1.34 THz, and the relative bandwidth is 36.7%. In addition, at resonance frequencies of
1.04 THz and 1.29 THz, PCR is up to 99.8% and 97.7%, respectively, indicating that the metasurface we designed
can convert incident vertical (horizontal) linearly polarized waves into reflected horizontal (vertical) linearly polarized
waves. We used the Fabry-Perot multi-interference theory to further verify the metasurface model. The theoretical
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predictions are in good agreement with the numerical simulation results. In addition, the designed metasurface ref-
lective linear polarization conversion characteristics can be dynamically adjusted by changing the Fermi energy and
electron relaxation time of graphene. Therefore, our designed graphene-based tunable metasurface polarization
converter is expected to have potential application value in terahertz communication, sensing and terahertz spec-

troscopy.
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Fig. 1 The design scheme of the metasurface. (a), (b) The front
and perspective views of the unit-cell structure; (c) Three dimen-
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Fig. 4 The simulated reflection coefficients (a) and y, (b) of the designed metasurface with 7=1.0 ps, y:=0.9 eV
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resonance frequencies of 1.04 THz and 1.28 THz, respectively. Where the thick black arrow indicates the direction of

current flow

180519-5

1.28



DOI: 10.12086/0ee.2019.180519

e, e u 4 x 6
(Z= \/m ) x .
[35-38] x u v
a=45° E.=E, X Polyimide
2a=90° x y
5(b) 5(c) Polyimide
1.04THz 128 THz B=1Je.k,d
Polyimide ko t &
f=1.04 THz 5(b) Polyimide
u Polyimide B
Polyimide
u ~Polyimide (4] x
=128 THz v y 6
v
(24.30,39)
Vo =Fyx +gryj r,. =T, +grx}
33 FrHmipin PR
1(c)
. x (%)
[24,30,38-39)] 6 7(a) 7(b)
- x 7=1.0 ps  u=0.9 eV
(e 1) 1
(15,37-41] (x-y-2) z -
x
Y
THz x-pol. wave
Air bty By ody P T

Graphene

o o Ty o Ty
Polyimide spacer

Ground plane

B6 AEAZRTERETY X dhihikktiEe T2 R

Fig. 6 Schematic sketch of the x-pol. wave propagation in a Fabry-Perot like resonance cavity

180519-6



DOI: 10.12086/0ee.2019.

180519

3.4 ARIZRREERFIYTRATIE T BRI HFF 1%

ps)

Reflection coefficients

—
[

=g

Polarization conversion ratio

Frequency/THz
A7 #iteREEAET=1.0 ps, 4=0.9 eV B ENS X dh bRk o445 Afoit F 43364 (a) RAT & SAn
(b) TAdRiEHAE ()

Fig. 7 The simulated and calculated (a) reflection coefficients and (b) j of the designed metasurface with 7=1.0 ps,
He=0.9 eV under normal incident x-pol. wave

x
9
(U=0.9 eV)

Px

99.1%

(=1

Yhe

8(a) 8(b)

1.0

0.8

0.6

0.4

0.2

0.0¢

—~
(=]
-~

1.0

(u=0.4eV 0.6eV 08eV 09eV

b 1.0 T T
( ) ——J (cal.)
o | ——)x (sim.) |
5 0.8
c
kel
(2]
5 061 A
>
c
Q
(]
§ 04 ]
©
8
% 0.2 5
[
0.0 : . i
0.4 0.8 1.2 1.6
Frequency/THz

=1 ps
1.0 V)
Vi YPx

u=0.4eVv

90%

Y.  0.968 THz

U20.6 eV

0.6

0.4

0.2

Polarization conversion ratio

0.0

Frequency/THz

0.8

[ ——u=1.0eV

——u=0.4 eV
——1,=0.6 eV
——1=0.8 eV
——1:=0.9 eV

1
1.2

1
0.8
Frequency/THz

0.4

B8 EiteAsRE A B R 4T T=1.0 ps BEAS X S BARIL T RR o B 44 (a)tr fife
(b)#t JLAF 2] 69t FR 4% B AL (14)

Fig. 8 The (a) simulated and (b) calculated y of the designed metasurface with fixed relaxation time 7=1.0 ps
and different y; under normal incident x-pol. wave

180519-7



DOI: 10.12086/0ee.2019.180519

Px

—
O
~

1.0

0.8

0.6

0.4

0.2

Polarization conversion ratio

0.0

04 0.8 12 16
Frequency/THz

B9 &itedARRm /R BT 6 S KAEK ue=0.9 eV B EAST X db ik T RF) 7 B 69 (a)ts AA=(b)

Fig. 9 The (a) simulated and (b) calculated y4 of the designed metasurface with the fixed p.=0.9 eV and different

90%
e T

S 3 Hk

(a) 1.0 T
o ——
® 08F —— .
5 .
5 o06F 1
>
8
.5 04 B
& 02r ]
&
00 L L
0.4 0.8 1.2
Frequency/THz
AT B 9 R IR EE AR ()
under normal incident x-pol. wave
T
9(a) 9(b)
u=0.9 eV
(=0.1ps 02ps 0.5ps 1.0ps)
Px 9(a) 9(b)
T O0.lps 1.0 ps
90%
7<0.2 ps
Px
99%
720.5 ps
T [1]
(2]
(3]
(4]
+
[[AR él:l
5]
X
’ (6]
90% 36.7%
(7]
(8]

180519-8

Liu F, Zhu Z B, Cui W Z. Prospects on space THz information
techniques[J]. Journal of Microwaves, 2013, 29(2): 1-6.

), K&, BB, 2R KMEE GHEARRZ]. HOLFR,
2013, 29(2): 1-6.

Ferguson B, Zhang X C. Materials for terahertz science and
technology[J]. Nature Materials, 2002, 1(1): 26-33.

Karpowicz N, Zhang X C. Coherent terahertz echo of tunnel
ionization in gases[J]. Physical Review Letters, 2009, 102(9):
093001.

Saeedkia D. Handbook of Terahertz Technology for Imaging,
Sensing and Communications[M]. England: Woodhead Pub-
lishing, 2013: 641-662.

Jia Y X, Fan Q, Wang Y F. Multi-focus lens based on metasur-
face holography[J]. Opto-Electronic Engineering, 2017, 44(7):
670-675.

RFE, BH, Tk ATRADALY S 54K Ld
T 42,2017, 44(7): 670-675.

Chen CY, Tsai TR, Pan C L, et al. Room temperature terahertz
phase shifter based on magnetically controlled birefringence in
liquid crystals[J]. Applied Physics Letters, 2003, 83(22):
4497-4499.

Rutz F, Hasek T, Koch M, et al. Terahertz birefringence of liquid
crystal polymers[J]. Applied Physics Letters, 2006, 89(22):
221911.

Yamada |, Takano K, Hangyo M, et al. Terahertz wire-grid



DOI: 10.12086/0ee.2019.180519

[9]

[10]

(1]

[12]

[13]

[14]

(18]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

polarizers with micrometer-pitch Al gratings[J]. Optics Letters,
20009, 34(3): 274-276.

Liu Y M, Zhang X. Metamaterials: a new frontier of science and
technology[J]. Chemical Society Reviews, 2011, 40(5):
2494-2507.

Pu M B, Chen P, Wang Y Q, et al. Anisotropic meta-mirror for
achromatic electromagnetic polarization manipulation[J]. Ap-
plied Physics Letters, 2013, 102(13): 131906.

Guo Y H, Yan L S, Pan W, et al. Achromatic polarization mani-
pulation by dispersion management of anisotropic meta-mirror
with dual-metasurface[J]. Optics Express, 2015, 23(21):
27566-27575.

Guo Y H, Wang Y Q, Pu M B, et al. Dispersion management of
anisotropic metamirror for super-octave bandwidth polarization
conversion[J]. Scientific Reports, 2015, 5: 8434.

Zhu J F, Li S F, Deng L, et al. Broadband tunable terahertz
polarization converter based on a sinusoidally-slotted graphene
metamaterial[J]. Optical Materials Express, 2018, 8(5):
1164-1173.

Tang Y Z, Ma W Y, Wei Y H, et al. A tunable terahertz meta-
material and its sensing performance[J]. Opto-Electronic En-
gineering, 2017, 44(4): 453—-457.

B, B, AR, F. —APa 4T 6 KRR AR AR
HAEBAF]. Kb 42, 2017, 44(4): 453-457.

Yang C, Luo Y, Guo J X, et al. Wideband tunable mid-infrared
cross polarization converter using rectangle-shape perforated
graphene[J]. Optics Express, 2016, 24(15): 16913-16922.
Chen M, Chang L Z, Gao X, et al. Wideband tunable cross
polarization converter based on a graphene metasurface with a
hollow-carved “H” array[J]. IEEE Photonics Journal, 2017, 9(5):
4601011.

Dai Y M, Ren W Z, Cai H B, et al. Realizing full visible spectrum
metamaterial half-wave plates with patterned metal nanoar-
ray/insulator/metal film structure[J]. Optics Express, 2014,
22(7): 7465-7472.

Glybovski S B, Tretyakov S A, Belov P A, et al. Metasurfaces:
from microwaves to visible[J]. Physics Reports, 2016, 634:
1-72.

Cong L Q, Cao W, Zhang X Q, et al. A perfect metamaterial
polarization rotator[J]. Applied Physics Letters, 2013, 103(17):
171107.

Cheng Y Z, Withayachumnankul W, Upadhyay A, et al. Ultra-
broadband reflective polarization convertor for terahertz
waves[J]. Applied Physics Letters, 2014, 105(18): 181111.

Liu W W, Chen S Q, Li Z C, et al. Realization of broadband
cross-polarization conversion in transmission mode in the te-
rahertz region using a single-layer metasurface[J]. Optics Let-
ters, 2015, 40(13): 3185-3188.

Li CY, Chang C C, Zhou Q L, et al. Resonance coupling and
polarization conversion in terahertz metasurfaces with twisted
split-ring resonator pairs[J]. Optics Express, 2017, 25(21):
25842-25852.

Fu Y N, Zhang X Q, Zhao G Z, et al. A broadband polarization
converter based on resonant ring in terahertz region[J]. Acta
Physica Sinica, 2017, 66(18): 62—71.

AP 5, RATRE, REE, . AT HIRING KM Z 5T RiksE
BB RI]. WILFIR, 2017, 66(18): 62-71.

Zhao J C, Cheng Y Z, Cheng Z Z. Design of a photo-excited

(23]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]

[34]

[33]

(36]

[37]

(38]

[39]

[40]

[41]

180519-9

switchable broadband reflective linear polarization conversion
metasurface for terahertz waves[J]. IEEE Photonics Journal,
2018, 10(1): 4600210.

Geim A K. Graphene: status and prospects[J]. Science, 2009,
324(5934): 1530-1534.

Hanson G W. Dyadic Green’s functions and guided surface
waves for a surface conductivity model of graphene[J]. Journal
of Applied Physics, 2008, 103(6): 064302.

Geim A K, Novoselov K S. The rise of graphene[J]. Nature
Materials, 2007, 6(3): 183—-191.

Gan C H, Chu H S, Li E P. Synthesis of highly confined surface
Plasmon modes with doped graphene sheets in the midinfrared
and terahertz frequencies[J]. Physical Review B, 2012, 85(12):
125431.

Zhao J C, Cheng Y Z. A high-efficiency and broadband reflec-
tive 90° linear polarization rotator based on anisotropic meta-
material[J]. Applied Physics B, 2016, 122(10): 255.

Fang C, Cheng Y Z, He Q Z, et al. Design of a wideband
reflective linear polarization converter based on the lad-
der-shaped structure metasurface[J]. Optik, 2017, 137:
148-155.

Xia R, Jing X F, Gui X C, et al. Broadband terahertz half-wave
plate based on anisotropic polarization conversion metamate-
rials[J]. Optical Materials Express, 2017, 7(3): 977-988.
Falkovsky L A. Optical properties of graphene[J]. Journal of
Physics: Conference Series, 2008, 129(1): 012004.

Huang M L, Cheng Y Z, Cheng Z Z, et al. Based on graphene
tunable dual-band terahertz metamaterial absorber with
wide-angle[J]. Optics Communications, 2018, 415: 194-201.
Zhu B F, Ren G B, Zheng S W, et al. Nanoscale dielec-
tric-graphene-dielectric tunable infrared waveguide with ultra-
high refractive indices[J]. Optics Express, 2013, 21(14):
17089-17096.

Vakil A, Engheta N. Transformation optics using graphene[J].
Science, 2011, 332(6035): 1291-1294.

Hao J M, Yuan Y, Ran L X, et al. Manipulating electromagnetic
wave polarizations by anisotropic metamaterials[J]. Physical
Review Letters, 2007, 99(6): 063908.

Grady N K, Heyes J E, Chowdhury D R, et al. Terahertz me-
tamaterials for linear polarization conversion and anomalous
refraction[J]. Science, 2013, 340(6138): 1304—1307.

Gao X, Han X, Cao W P, et al. Ultrawideband and
high-efficiency linear polarization converter based on double
V-Shaped metasurface[J]. IEEE Transactions on Antennas and
Propagation, 2015, 63(8): 3522-3530.

Cheng Y Z, Fang C, Mao X S, et al. Design of an ultrabroad-
band and high-efficiency reflective linear polarization convertor
at optical frequency[J]. IEEE Photonics Journal, 2016, 8(6):
7805509.

Tang J Y, Xiao Z Y, Xu KK, et al. Cross polarization conversion
based on a new chiral spiral slot structure in THz region[J].
Optical and Quantum Electronics, 2016, 48(2): 111.

Li X, Ma X L, Luo X G. Principles and applications of metasur-
faces with phase modulation[J]. Opto-Electronic Engineering,
2017, 44(3): 255-275.

Fi, LBes, TR, REA@AAEAEREAS AN AL T
#2, 2017, 44(3): 255-275.



DOI: 10.12086/0ee.2019.180519

Broadband terahertz tunable metasurface linear
polarization converter based on graphene

Zhang Hongtao, Cheng Yongzhi*, Huang Mulin

School of Information Science and Engineering, Wuhan University of Science and Technology, Wuhan, Hubei 430081, China

Incident THz wave  Reflected THz wave

The perspective views of the 3D array structure

Overview: In recent years, terahertz science and related technologies have emerged as one of the rapidly evolving
technologies, and they have shown good application prospects in the fields of communication, imaging, sensing and
non-destructive testing. These applications require not only efficient terahertz sources, but also high-performance tera-
hertz devices such as modulators, polarization converters, and more. At present, there are relatively few materials in
nature that can effectively manipulate terahertz waves, and the corresponding devices are quite scarce. In order to pro-
mote the application of terahertz technology in the above related fields, the effective regulation of terahertz waves is
particularly important. Since many applications of terahertz waves are related to their polarization states, terahertz pola-
rization converters that control polarization states have become an important research direction. Conventional tera-
hertz polarization converters are usually made of materials based on grating structure and dispersion, and generally
have problems such as narrow frequency band and low efficiency, which greatly limits the practical application range.
Therefore, it is very important to design and prepare high performance terahertz polarization control devices. Because
graphene has very good optical transparency, adjustable electromagnetic properties and high electron mobility, it can be
widely used in the design of optoelectronic devices. In addition, the addition of a bias voltage to the graphene can
change its Fermi level and electron relaxation time, thereby achieving dynamic adjustment of its electromagnetic prop-
erties. In this paper, a terahertz broadband tunable reflective linear polarization converter based on
oval-shape-hollowed graphene metasurface is proposed and verified by simulation and Fabry-Perot multiple interfe-
rence theory. Our designed metasurface model is similar to a sandwiched structure, which is consisted of the top layer of
anisotropic elliptical perforated graphene structure, an intermediate dielectric layer and a metal groundplane. The si-
mulation results show that when the given graphene relaxation time and Fermi energy are =1 ps and y=0.9 eV, respec-
tively, the polarization conversion rate (PCR) of the designed metasurface structure is over 90% in the frequency range
of 0.98 THz~1.34 THz, and the relative bandwidth is 36.7%. In addition, at resonance frequencies of 1.04 THz and 1.29
THz, PCR is up to 99.8% and 97.7%, respectively, indicating that the metasurface we designed can convert incident ver-
tical (horizontal) linearly polarized waves into reflected horizontal (vertical) linearly polarized waves. We used the Fa-
bry-Perot multi-interference theory to further verify the metasurface model. The theoretical predictions are in good
agreement with the numerical simulation results. In addition, the designed metasurface reflective linear polarization
conversion characteristics can be dynamically adjusted by changing the Fermi energy and electron relaxation time of
graphene. Therefore, our designed graphene-based tunable metasurface polarization converter is expected to have po-
tential application value in terahertz communication, sensing and terahertz spectroscopy.
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