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Anisotropic tunable multi-order strong coupling in black
phosphorous nanodisk-sheet plasmonic system

HAN Li, XING Huai-Zhong

(Department of Optoelectronic Information Science and Engineering, Donghua University, Shanghai 201620,
China)

Abstract: Black phosphorus supports anisotropic surface plasmons, which can be used to design principle devices with
more functions. The hybridization behavior of different plasmon modes in the sheet-disk-sheet system based on black
phosphorus in the mid-infrared to far-infrared waveband is numerically simulated by the finite-difference time-domain
method. By dynamically adjusting the carrier concentration in the black phosphorus, the generation and control of the
strong coupling phenomenon in the two lattice directions can be realized. Analyzing and calculating the coupling be-
tween different modes, the Rabi splitting energy in the absorption spectrum can be as high as 42. 9 meV. In addition,
the influence of the polarization angle on the strong anisotropic coupling is also calculated, which can achieve up to 6 ab-

sorption bands. The proposed model provides a basis for the construction of compact anisotropic plasmonic devices

based on two-dimensional materials that will work in the mid-to-far infrared bands in the future.

Key words: optics, surface plasmon, finite-difference time-domain method, black phosphorus

PACS:

51

il

F 2004 4 7 55 4 Bl g [ 2 40 30 7 DR 27 19 An-
dre Geim Fll Konstantin Novoselov £ I 4, —
ek T HEHA 2 5 R A T A

s B H#5:2021- 09- 22, & 8] H #A : 2022- 03- 08

ZRHE N DR Tz W5 A4 A U R AL )
(Transition Metal Dichalcogenides, TMDCs) . itk
(Black Phosphorus, BP) Flid I 4 J& i b 4 (Transi-
tion Metal Carbides, MXenes) 55 1£ PN f) 2 Ff — 4 b
BB A TE B RTE R 8 AL AR AL

Received date:2021- 09- 22, Revised date:2022- 03- 08

HETA . b e m BILRF T 4 3% (2232022A-11) , FifETT B ARBFEIES: (21ZR1402200) , H g @ BEIEAR BRI 45 9% L 3009 4 AR AR K SE e AR

A7 £ 45 (CUSF-DH-D-2020093)

Foundation items: Supported by the Fundamental Research Funds for the Central Universities (2232022A-11) , the Natural Science Foundation of
Shanghai (21ZR1402200), the Fundamental Research Funds for the Central Universities and Graduate Student Innovation Fund of Donghua University

(CUSF-DH-D-2020093)

'flﬁgﬁfl\(Bi()graphy) EA(1993-), B INRFFE A, A, FEIE 4RSS . E-mail: 2161505@mail. dhu. edu. ¢n

" 1B {EH (Corresponding author) : E-mail: xinghz@dhu. edu. cn



3 # RO SR S RO R A A [ ST R 653

MZ IR HAR T, “HEpP RO T AL Se kT
B AR, HAEE RS B AR R AR Y
PR~ A AT AT R R B T 7 0

UL JUAE e —4Epr b e B T Z2 Rl 7 Bk
T Bk EATTRERS A RE 8 Jo B I IS T
MR 5 45806 5 W B A B o et

Y RS Re I AR LI BRAE . A, A BRI 1 2 oK
FB G T 38 2o it i A s B 2 R AT RS PR L 1R
JPE AR A% 45 4 T A5 B WOT I AN v RGN . i A
AR A B 0 R 0 S0 B L & B 2E T RE A
SRR G AR, BT R ik, R A B 55
Wooe Br BT B A S T O R IR Ik
Y EEE T AR EZ AT, SR A
B T R R A PR T AR A R A A5 T 1Y)
HRO o 201445, 4 AR & L), S5A 5%
I FH B, SR ELAG R A0 S U S50 R B 1Y
PR (0. 3~2 V) FHT P4 3 B 1 45 [ S v ax e
J5 Ay R RS L RS 0 T A L R T 2
VEREME . i, KT RS B ot S IR T
ZKTE. 20144F  Low 5 N W HLSUEM] T HZ £
JZ B v A 45 ) M B S B O AR . 2016
AR, Lin 8 N80l 05 1T B2 BB R A TP Y )R
B % 1 A B U oT R, Wi EL AT R 1 D R AH G
PEo 2017 45, Ni S8 N HIFGE T SRR K 5 B LT 4h
) K 2% I BE N B 2 O e SR AR M . 2018 4F
Qing ¥ NI T — A B4 -4 8 R &
RGO 57 T Wl 3 1T 45 B8 T R 45 B oT A I
LIAMBR T SR ARG . Nong %8 N BHIEHIS T A
S5 R A BT 5 45 ) S v R Ry B T A
WOTTE AR A RS T 44fk . 20194, Cai S8 A
P T S G A BRI - R = VA A Y IR A
i, RIS A B Al W O FIT5ER 5 [] S

ARSCHE T — R TR E-M-E R %L H
TFHE5E A 15 B oo X Z AL A B4 .
i P T 3l A BIR 22 4374 B9 8/ FDTD solutions #f
ITEE M 5. SRR )R B S R K
A PO [ A S B O AR 2 B A A A A B
LIRS BRI F oy 2 SRR b R
T R 118 28 Ak AS RS 222 (8] A G 5 A A AT A
B R, H AT DARSCEE X RE HE Y SR 38U 0E B, AT
SEHURE R R OGS o A, 2R A
ST I A A I A1 R, 1T LS WOz 2T AN B £

WA IR o BT BT A 2 AL T TR T 4
FHORHR I AF B O E 22 5 0E T ogan (L4
JCHRIIG AL IRAS O AR AF

1 FHiERER

ARSI B ZE R 1 (a) s . AT 1(b)
R v T P AT LR B R O R SR R R
O30 E T B ERANR A v o SR A, E
RBEAL T A BT 5 2 RS S, R AR R B AT A R
N L7 (T A (A Sio,) A B, P T i 2
SITESE M b o S5 SH0: AR B S A 8] P = 200
nm, 4% r = 50 nm, AERBEZ Z EMEE D = d, =
40 nmo h EEF RO ST T H R 25 A h 2 A A B O
P2 MRl AR G, A 6 7 I A BR 22 737 (Finite
Difference Time Domain method, FDTD) [ &5 [l £
FDTD solutions #E4T 1 BT ELATH . B pi 1a)
FNZN 1] KL Ry J S P 0 A, 185 T () SR Y 3UAR DT
AL )2 (PML) , )25k 12, LA 1k 300 5 5 568 % 485 5L 7
SO o AESSH 0 ERORT S (RS IR 454 R T —1>
PR B CE T A R R s T A E
PA(T) LR (R) ol — R A A=
1-R-T 7] S 45 BN S5 AT S B B2 Rl 1) 5
BEZ29 0.6 nm™ X G /N T RAT T H IR K,
PRI, 7007 L SR O J5E B2 A9 — 4k H 3 R, O
FEEE 0. 25 nm JEE Inm B ANAL A4S BT AL, SRR
FH EIE N R A

@ s (b) (c)(/—\
R |,
® ® O
[P
oo @

00000
7| B

] 318300000
ototh!

K1 RS E OGRS RERRERITE: (a) BEHR--
JEIATHIRRL s (o) Z5 R BRI S RL IR 5 (o) IRmESS A4 1A
Lk 7 1wl

Fig. 1

strong coupling system: (a) layer—disk—layer distribution of black

The schematic diagram of black phosphorus plasmon

phosphorus plasmon coupling model, (b) top and side views of the

structure, (c¢) black phosphorus structure and its two lattice directions

TERZLAN 2 ORR 25 B, e T RE R AL/, R
Aty F 0 H DIk S BT (8] BRI, G P9 R
I 3= 5 A7, PR kg SR B9 0~ P o RT LA Drude £
RURAIE . MR A



654 AN NS 0 N ok 41 %

ne?

aﬁilimj(w+in/h) e
Hopj =, y AU T BB S kS 7 11,0 40 Arm-
chair, y {38 Zigzag; n N &S T 200 F WK E e =
1..6022x107" C A HL~F~HL far £ 5 m, W35 IS J7 1) 7 28K
AR AR MR h = 1. 0546%107 J -5
H A B v H B W P O ) A RO R
i‘-\Aﬂg[lS.22]:

, (2)

Xf T R R, 20 (2) TR Y & AT S
HRy = 4a/m eVm (a/m AT LM IX FERE) A BRE, =
2 eV,n, = K/0.4m,,v, = B'/1. 4m,, m, = 9. 1094x10™"
ke o 15 H T AR SR BEIL T B oy =
0.01 eV,

2 #HR5iTiE

T LT W 2 (a) JUT 75 B 32 S JUT 40 1 11 )3
T DB A0 K 5 P ) v ) A ) S R ) a8 R T
%5 25 3% 7T (Black Phosphorus Localized Surface Plas-
mons, BPLSP) , IS8 E 15— 4 i o 2
(b) A5 2] T JEWEE R WL n = 2. 0x10" em™  fi
P53 T xRy J5 ] A 4 o X o O T, AR
HRARAE 43, 67 THz, WA 0. 285 Tk Ty Jrln], 4t
PRAT R B 2185, 4bF 28. 16 THz, R M 0. 16,
SR 4 B3 — 2 S 19 i PR 2 R PRy SRR
J7 1) A B T A RO R K T 7 1 A AR
FABELS , WBCR AT B DL A A

40y

(0—w)*+ (0+7y)? , (3)
Horp o, W HERATIZ 8 F1y 43 BIAR 2 [ 4G AL it R
BRGNP A 25 5 5 5 a5 R
SR A B 20e) B T ARV BN J7 1] B i i
Wb () L S 43 A o NIRRT 7, H i B e S e P
YK AL, L B IR (Y XA T A . T
U, 38 A K B 9 U VR n DL 0. 5%10" em ™ AE fk,
2. 0x10" em™, 43545 BT o Fly 7 1] (9 I AL 1]
WME2(d)F2(e) Frion . Bl 2R TR ET &
75 ] 9 BPLSP 24 41 % iy 21. 90 THz 5 7% % 43. 67
THz, ¥ y J7 10 () BPLSP 4R 3 %4 1 14. 09 THz % &
28.16 THz. HHSCHRL 19 17T %0, TR0 52 bl 4800 1k
JE B AR AL EAT £ oen”, JLALG ith 6 5 1153 i 45 8 2
WG o B2 (g=h) AR f A% J7 1) AN [R] 0+ vk

A:

JE T LT3R ST 5 M AR, S R ) (LB o R
JEE B 38 DR A R, X A RS [EIAE R DA A 7 =X
Pl R b 09 A B O IR T — M RO Oy
Bio wa T E T ASRMm IR A BT S5 1 45 1] S 1
Wi Bt DA 57 B2 6 DN O° SR W 1S R, ¥ Fly 7
[ra) 1 A T DA ] s 9 A, b 3 A e R T TR A
{ELRif H 37 53 R/ N A2 4k

FENOR W SR Z BB E T AR AR, 4K
R BN RUZ G, PR IR R B 2R
2.0x10" em ™ ANE | 14 S J2 PR Y 200 1 TR B
0. 5x10" em ™ ZE Wi AE L F 1. 5x10% em™, 43 71145 E W5
WA 1] B IR S, Gl 3 (a) 3 (b) flf s o AT LR
B, ok T R R X R EE B
2 FE )2 v ) PR 3R 1T 45 25 30T (Black Phosphorus
Surface Plasmons, BPSP) 5 442K # + 19 BPLSP 2 [d]
AYSRAR G A o X TR 2 R W Y BPSP, B T
KR T ASOCHE R, B LLTC: ok . SR,
YRR E T ARAETE F I 9 K B, AT G RL
N FRAE T I R AME  BPSP 8 A& o X —A~ 4k R
BERSE, S BT R SR

0,(@) =s0(e ) s "
Horp e Ml e, 0 5 0 BB w25 F) B30 A0 T 5000 47 o i
B BAX ) B SFRMLALGS] .
e(atea)mw’ n .
g(@) = 2072 O*mo,m
Kb T 8 F) m e M i % 2 1T A B T, Rl L
ML T R R s [ 24 ]

w . 2T
qRW(w):?sma+? (6)

¢u.(@) 3 BPSP AU SR, o g ABT A BE , AR ip S0
RFETE A S, BUE N 0, FEF ik, 15 %) BPSP I
BPLSP Y3445 A .

B ne’
fj\/27780(81+32)ij , (1)
T LT R S B2 S AR B AR
HL BRI Y o % T > 45 BT X 2 8] 1Y
432, AT LR G Ik TRORDR SEAT AR REL 19, 25
BT IR AR BHOCR TR R

f' — fBPSPj + fBPLSPj + \/(fBPSPj * fBPLSPj) ? + Q?
I+ 2 2

(8)



3 B R TR R RO RSE T 104 T S 2 655

(a) E (b,
. l } = FDID resulix
*  FDTD result-p
k —— Thearetical curve-x
Theoretical curve-y

e
2

Absorption

70 =

2

0.16 g
U K
]
<
=
=
X
=10
L = FDTD Result-x
®  FDTD Resulty
— Theoretical Curve-x|
o —— Theoretical Cu
0.0 >

10 30 40 50

10 20 30 40 50 60

20 30 40 30 40

Frequenu (THz)

Frequency (THz) Frequency (THz)

(g) Armchair direction (h) Zigzag direction (l) 60 2
Re , Im Re Im
0.003 ., ——Sxiem o 0.0012 . — 05514 em®
@ . x —~ s —— LOx14 em ’:m 03
> ; 5 1514 em’ =
£ P S s B
Z oo Z 00008 ) =2 7
> B - 2 H
E] H 5 ' B
] = 220 g
H : H g 5
S oon G 00004 2
...... T = 0
e 404 210 330
—— i, o &
0.000 0.0000 = e
10 20 30 4050 10 20 30 4050 60 300 "‘3,1

Frequency (THz) Frequency (THz) i

P2 FRBEIE SRS A OBCRFETE () IR SERE ) 45 H R B - Tl ke B RS PEZ5 R B, () Gk 0° (UF Armchair 75 ] ) F1 90°
(Zigzagﬁrﬁl VIR ZR () AR W MU A B R 375 20, (d) L Ce) S i A 0T 90° M AN [R] 3L v JEE T Ol i 141, ()
W WA WA it AL 1k B AR A LA I 2, () L ChO) W R 1 s 077 1) ) Rl 5 3 S S R - ) AN [ i £ Sl [ 258 100 45 1)
ST

Fig. 2 Absorption of black phosphorous disk array: (a) The schematic diagram of the structure of the disk array, the plane wave is irradiated
, (¢) the

electric field distribution at the corresponding absorption peak , (d-e) the absorption spectra at different carrier concentrations when the polarization

angle is 0° and 90°

vertically on the structure, (b) the absorption curve when the polarization is 0° (along the Armchair direction) and 90° (Zigzag direction)

, (f) fitting curve of absorption peak changing with carrier concentration, (g=h) the real and imaginary parts of the conductivity
along the two lattice directions of the black phosphorus, (i) the anisotropic absorption spectrum of the black phosphorus disk under different polariza-

tion angles
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Fig. 3 Hybridization of BPSP in continuous black phospho-
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(b) are the absorption spectra obtained by changing the carrier concen-
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