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Fig. 1. Schematic of the magneto-optical device: (a) 3D structure diagram. The Si layer is the substrate, the grating is in the top

layer, and the black phosphorus (BP) is in the center laye; (b) 2D vertical plane diagram. The period of the grating is L, the thick-
ness and the width of the metal are d, and W, and the thickness of the substrate is d,.
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Fig. 2. The transmittance, Faraday rotation angle and the figure of merit (FOM) of the monolayer BP and magneto-optical device

verse the frequency: (a) The dotted line is the transmittance of the monolayer BP, and the solid line is the Faraday rotation angle

of the monolayer BP; (b) the FOM of the monolayer BP; (c) the dotted line is the transmittance of the magneto-optical device with

GBPS structure, and the solid line is the Faraday rotation angle of the magneto-optical device with GBPS structure; (d) the FOM

of the magneto-optical device with GBPS structure.
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Fig. 3. The electric field distribution and the TE/TM transmittance spectrum of the magneto-optical device: (a) The E, and E, of
the device without the monolayer BP in TM mode at 1.5 THz; (b) the E, and E, of the device with GBPS structure in TM mode at
1.5 THz, and the electric field distribution on the metal grating terminal is shown in the enlarged part of E; (c) variations of trans-

mittance with frequency and grating period in TE mode; (d) variations of transmittance with frequency and grating period in TM

mode.

237802-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 23 (2020)

237802

WSPM A& 45 5 4 B 22 4, aniEl 3(d)
S B TR, 1 H AR — ST A L . X
i TE 1 WSPM #E=i VTR 5%, #A 80R K
. RIS An e 2(b) g o B, B COR B R,
TE 4 B 5 b, T T R B 3 R R, %
LA TE SSPs MK T 5 88 kA4 TR ZIE
. TE F1 TM W40 3858 B i m (8, GG hr
SR IR B Ao, PRI, S 5 R AN A
T TE f1 WSPM £k A 57 AE 4521, [F
Ao v 375 S 8 AR D e 5% F S i 4 5 |
L)

TR R E N S T AN RE A R IR R
[N X O T 2 A NS 3708 R iTAC £ e
BN A RENR, 1T R RSN G T (R0 26 e
£ L R R 8. 018 4(a) B, Y ARG
3 T B WG mE] 9 T fEHEE, b 26 e # Bt fl
BN, 43R 1.656°, 2.743°, 3.803°F1 4.829°,
X 1) TSR3 SRR AN . YRR eSS fh BERE ST
W 1% 7 14 hn ) R AE 43 1 R 1.087°/T, 1.06°/T il
1.026°/ T, FEA B 56 22 PRI mT LA 2 78 1
ARG 3 K Wb T i 1 FE R/ T . T A(D) 2
TG ' A A7 ot o PR R B b 3 1 37 1) A8 A A T A
Kl 4(b) WA B, SHMiG7 2 EHE R, b ot R
A, [F] IS RIS e £ — R I P RG , 3€ Fs e
TEANRRET B A I i, 378 S R A ORFE AR L 7
A 3B S R IACRAR | AP SR RS fA B R AR Ak
G IEH h EmIERT w Ml w, FEXAEH T
AR (4) 2UF 2 o S R0 EX A 0T 0,(0,,) F
we IE KRR, M w, MANERES B IE L ER,
PR ERE A BE A 0, ROE FEOC AR, T DL RLER i

(a)

RN
©NNow
e

[selleiw e}

o

1 . . . .
1.45 147 149 151 153 1.55

Frequency/THz

4 SMEBRESASE 3,5, 7 A0 T T ROBL B PRI
#H

FEfAFERINR R MR L R, b, 2 B
Xof 375 S5 R 5 ) IO L SR I X A ek
O M oy, TN (3) N, 76 CIRIERT w il w, HY
WU, SN Bt 0, Ml oy, (WL T-AT L
20, BT LA, TESNT G A R I | 385 5 e A
PRFFAS . SXANEE S5 AT AT 7% 2518 — B 1,
3 3 A R 1 o B B o B R A TR T R — A
BRI ik

PR Ay BT 1) 2 I B 1T LA el 9 oK LU L L
JE A R AT B A TR, T AAE R TR AIF 5 3
i i e o O = N = Y 0= TR e ol D B T
WA R . FERECER I A S H 5 /] 2(c)
AR T, 5 T8 T %R
0.5m9, 1.0ng, 1.5m0 F1 2.0mg 175 150 T X107 1 25 Fi 45
Tt ff BE RN SR NIE 5(a) Fis, Y4000 7%
Won s, TAESR S 4514 1.500, 1.501, 1.503 Fl
1.504 THz, Hr 5B el /S & A T R,
PR e A B TN, (BRI W (4) T
AN BN, TR S AL R B G A B 45
SHURTE ng = 0.5n, [HEOL TSR, 24 Bk
VLT3 R AR IS, S5 R4 3 T 1) 22 1T R AR &
AT AR, X RECAE IERAS R A T A, B
I TE B TM %53 IR ARG, MiH
55 T E6AN A BEE . P 5(b) Y T B T A
AR S RS VAR 56 A DR — 3, PR o R 8K
TETEPLES HERS F B3 K L T 5178 FIr PR, 3k it
B M 00 TR KR, B R TR, ik
AN D PRS2 R Ay 224 38 00 - e B 14 K K A T oy
o, WHEZ B, 1 B O 58 B B LA 3 Bl it
PIECR . 5B INBRESA R S R R R

FOM

1.45 147 149 1.51 1.53 1.55

Frequency/THz

(a) GBPS 451 1115 55 35 141 ; (b) GBPS 45 1 1 1 5 BE % #1 1 4

Fig. 4. The magneto-optical response diagrams of the device when the external magnetic fields are set as 3, 5, 7 and 9 T: (a) Trans-

mission and (b) faraday rotation angle of the device with GBPS structure.
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Fig. 5. Magneto-optical response diagrams of the device with different carrier density of BP: (a) Transmission and (b) faraday rota-

tion angle of the device with GBPS structure. The carrier density of BP are set as 0.5ng, 1.0ng, 1.5 ng, 2.0 ng (ng = 1 x 10 cm?).
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Table 1. Faraday rotation and transmittance of the MO device with different structure parameters.

No. J/THz L/pm W/um dy/pm T/% 05/ (%)
1 1.40 170.580 118.150 31.377 84.354 4.3845
2 1.45 164.650 113.160 30.750 85.256 3.4711
3 1.50 159.000 109.365 29.285 86.968 2.7426
4 1.55 153.500 105.915 28.414 87.123 2.1730
5 1.60 148.800 102.810 27.455 86.679 2.1443

237802-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 23 (2020)

237802

SEMESERE M 109.365 pm P23 110.650 um f7, U5
037 B X JE# 3 1.5 THz, I B R 2.505,
5 E S 2E R I A — 2. Rt it i se Al
SCELRBE R B AL IR, O FE S SR SR A
S T 0 TAEATA S R AR, I B I T #
AR SR I PR AT LS.

3.0

—— L=110.650 pm
2.5r ---- L =109.365 pm

2.0

1.5}

FOM

1.0

0.5

OF

—0.5 L L
1.47 1.49 1.51 1.53

Frequency/THz

6 Gl IR BE — S A R B9 RE ' a1 i ot 181 4, 52
28 R et B BE S 109.365 wm, 7300 2k R Ml S BE
110.650 pm

Fig. 6. The FOM of the MO device when the grating is
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width is 109.365 um, and the dashed line indicates that the
grating width is 110.650 pm.
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Abstract

Black phosphorus(BP) is a kind of two-dimensional (2D) material with direct bandgap. Its adjustable
bandgap fills the gap between graphene and transition metal dichalcogenides(TMDCs). At the same time, the
black phosphorusalso has a higher charge carrier mobility. The unique fold-like crystal structure of the black
phosphorus leads to in-plane anisotropy and it makes the photoelectric response anisotropic. It shows that the
properties of black phosphorus can be dynamically adjusted by various methods. These characteristics make
black phosphorus a two-dimensional material with great potential applications in the visible light to mid-
infrared region and even terahertz bands. In view of this, this paper focuses on the magneto-optical response of
black phosphorus. In this paper, we design a magneto-optical device in Au grating/black phosphorus/silicon
hybrid plasmonic structures. The inducing of abnormal transmission through the metal grating significantly
enhances the transmittance, while the Faraday rotation effect is enhanced through the mode coupling between
the TE and TM in the THz range. The rigorous coupled wave analysis (RCWA) is used to calculate the
transmittance of the grating. The finite element software COMSOL Multiphysics is used to calculate the
transmittance and simulate the electric field distribution of the magneto-optical device. Under the optimal
parameters, the Faraday rotation can increase 14.434 times, reaching to 2.7426°, and the transmittance is more
than 85% with an external magnetic field of 5 T at the operation frequency (1.5 THz). We plot the electric
profiles of the magneto-optical device with and without BP to prove that the Faraday rotation is a result of the
magneto-optical property of the monolayer phosphorus and that the enhancement is due to the mode coupling
between the TE and TM. Moreover, we extract the tunable character of the magneto-optical device with the
external magnetic field and the carrier density of the black phosphorus. The external magnetic field can
effectively tune the Faraday rotation angle while keeping the working wavelength and the transmittance
substantially unchanged. The increasing of the carrier density will not improve the Faraday rotation angle, for
the changes in surface conductivity under fixed structural parameters will disrupt the mode coupling. At the
same time the transmittance will decrease, because the larger carrier density will enhance the absorption of the
BP. Therefore, to obtain a higher FR angle with apparent transmittance, the carrier density should not be too
high. Finally, the effects of the spoof surface plasmons on the waveguide mode and the Faraday magneto-optical
effect are also discussed.

Keywords: black phosphorus, extraordinary optical transmission, Faraday rotation.
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