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Fig. 1 Structural diagrams of waveguide. (a) Three-dimensional section diagram; (b) two-dimensional section diagram

I =T A K e (A LR Bk &) RTBLE Si(A HL
BN e, =11.9) 9 K 2k I 5 41 B, 8] BR X 3835 52 SiO,
(BN 6. =2.25) . =ML KL N EIE h=
100 nm, A~ 0, 242 0 r 09 15 £ [ 38 = M T8 =4
f, WA 1(h) LR BT o BUEE, = T8 40 K 2k i 5
BRESBE N h=h,—r/sin(0/2)+r. [BIE SighkLkny 2k
BHR R, S5FMWZ G0 = MIEN KL EIER b, 5
i) 2% R RE R« T S SR W B (Ao e ) B Ak 2 it
T AR A K242 0 RS9 K48 Hok, B 38 0F

FEUESE W] 2R AL = AR DR 5 AR R TUA D B A EL s
4 100 nm 2 47 9 = Ffy JE AU 4 K £k, R L SCik [ 25
HRT A I TR LAY SO R R 1 O TR T A TR B A AR 2 Y
SHIEAKRE 5 S SIAUKR L & S0, 34K I,
VIR BE Ry 2R+ A, 1 SIO, 2, PR Uk 3 A 22 0
B = MK LB 2 SI0, 82 T, I 76 )5 T
Si0,.

AR ST SR A A1 2806 e 2 L R (o) i BEALAR 12
AT RS 1D

2ie*k, T | [2 h
o, — —————_1n COS
foahi(w+i/7)

2k, T 4k

E: 11 1
)}Jr ¢ {2+arctan(

s

n , (1)
2k, T 2 (hw — 2E¢ P+ (2k, T )

s T R AR 5 by I BEIR 2% 2 5 805 b o AR
BASLH B e=1.6X10 " C HICH AT ;0 N AN 7=
nEy/(eVE) h o —F ot 8 it o) Hovh ol o B0 R Y
HWTFEBER, V=10 ms ' B KEE  Erx
WV o A BB SR OK RE L, AT L)L A B R R
i fb 2B e AT A o AR YR RO 5T, A AR
BT BB o, T 3k 2.5 10" em ? Y, N 2% K RE %
E;=1.8¢eV, WAL E BMEMEE R 0.4~1.4eV,
T BBk LB, A e T=300 K, E,=0.6 eV, n.=
10° em®=V les N TR R 7 SR R AT A8 oK 2k R
I LR s, B =0 E, i J o R HL IR % L E N
B3 2% it 0] 0.5 nm zk 1 nm J& B # LA 2 s
(XF R 22 2 41 3805 ), IF X2 00T POAS Rl 43 o i ]
e T 23 BB, L A ik 0 T 4 SR A X i
2Z/NT 1%, WS % 3CHk[43].

Ry T RIS A AR T L B A S I OT AR
KW 2 7 AL HE B 3B N exp(if2) exp( —iw?) ,
H P AL 45 8 B p=~N.q, N i A R I8 % # COMSOL
TES R, 2 Re(Noy) =nu (g A 80N R 50
@5, B Im (N, SHAEA K. AR
200X 220, A, 0 A I ZS [ o TFRRANR R H 8 5
SR B, R 57 55 WS ke e i A ) H G 3 IR
SFo B HEAT T WSCSOME 43, o O I A% 30 57 %of 235 2

WA o A SO B A S50 19 8 A BURE 1L R IR
Ly=1/[kIm(N,) |, HHp by=27/2,c VA — 1A 37 10 FH
TE SN Av=Au/Ag, Joh S5 OB R A=

[[W(o)d*o/max[ W (o)) AESHZBICH TRLA, =44,

W (o) HLBERE 5% B, o OB AR AR o 5T R B
Ely‘j F:Lp/(Acﬁ/Tf)l/Z[”:o

3 4MHT IS

Kl 2(a)~(d) AR TARFSET ASE-NRIREG
W T BB IH — LB 0, S B E /=30 THz,
E.=0.6 eV,r=5nm,R=50 nm, e, =c.. A K& 2(a)
i 2(b) K E 2(e) FE 2(d) &8, M F 0 F Ay, =1 nm
P 98 S 114 ) T DX e A v, A Ay, BB/ B R
e, XFH K 2(a) FTE 2(c) MK 2(b) FIE 2(d) & B,
A Ay,  0=m/2 B S35 43 47 36 B K, B 3 24 3 1%
e 22 . BMAKRE b F B A (R Bt X b, S8R
T RE . BT RRKGMEN T AEKZERD,
e Sr B 1 (h) B i AR AR R o AR 2(e) FE 2(1)
AL B R Ay, T, 088/ — 4k i 3 26 58 (Rl 40
VL) S TEAAR O F |, Ay, B /N — 2 H 37 {1 26 T8 B
7, HARM , Nx T mokRE Y h,=1 nm B}, 0=n/6
F0 = /2 X L B 2 5 W /I L 23 il 9 O 6.8 nm Al

1013001-2



#5505 & 10 #/2023 £ 5 B/ E#*x

7.0 nm; 24 A, =10 nm i}, 0= /6 Fl 0= /2 X i fY £k
Be o W2 R 13.0 nm M 13.5 nm. My EKE, %
B M 2 0 2k 98 A — 2 B2 B b DL A T IR B EE S Ay,
H hg,=1 nm B, f1 BE 0 %528 68 (05 W 8/ o A Ay, =
1 nm i}, 0=mxn/6F0=mx/2 X N (¥ £& 55 34 45N

@ (b)
© 1or ! — hgp=1nm, O=1/6
ST 1 ® -~ hgp=1nm, O=n/2
=] 08| o [ l | ‘ £ = Ngp=10 nm, O=1/6
h% ’ 0.50 “ | i " — Rgap=10 nm, O=n/2
3 | 1%
= .
S 06
A%
)
=]
E 04 F
E
S 02
4
0 == . . :
-200 -100 0 100 200

2 /mm

1.3 nm. ifi 24 8] B2 A, =10 nm iF, /& 0 %F 4 956 19
R, 0=mn/6 F 0=mx/2XF W IR 58 50 W 249
8 nm A1 10 nm . AT 1% 31 A9 45 # n] L SE B 1 FR 2
3 13.5X 10 nm® (£ 2 F /N ) i 6 BE , X R F
A3/ (7.4%X10%) .

E|
max
min

® 10} — Rgap=1 nm, O=11/6
0527 == hgap=1 N, O=11/2
Y /| = Igp=10 nm, O=1/6
o 050 5“ — Rgap=10 nm, O=1/2
3) /
2 00 |/
T 0.6  ousll—
5] C10-8-6-4-2 0 2 4
T
il
.g 0.4 -
:
= &u
Z
0 1 1 1
-200 -100 0 100 200

Yy /mm

K2 JEBE I —LHR IG5 Mo (a)h,, =1 nm,0=x/65(b) A, =10 nm,0=n/6;(c)h,,=1nm,0=x/2;(d)h,,=10 nm,0=n/2; %
(e)ax J5 10 A1 (D) y 77 1] (9 15— 4k /L 3 43 A

Fig. 2 Normalized electric field distributions of fundamental mode. (a) h,,=1nm, §==/6; (b) h,, =10 nm, §==/6; (¢) h,,=1 nm,

0=n/2; (d) h,,=10 nm, §=n/2; normalized electric field distributions along (e) z and () y directions

Pl 3 N TR) A BB 0T A B 0 45 8 0T 1 B XA
R PEBE hy,, 0078 A0 2, oA 280k /=30 THz, E,=
0.6 eV,r=5nm,R=50 nm,e,=¢e .. WK 3(a)fin~,
B R B g B Dy, 13 KD o 2 Ay, 7E 1~
10 nm X [H] B 72 9 7228 A0 25 58K 5 Y Ay, > 10 nm B,
n BN, FE 3(b) KB, BEEE A, BB K L&
B LB Wi K. M 0=n/6 M n/30F LIEHE L, 1)1
KEHE o 24 0=n/2 F 2rc/3 W, 7E hy,y=1~5 nm [X
[ N, Ly B D, B3 R 3G R 524 Ay =5 nm B, Ly JEAR
PRFEANAS o SO TR A A 0k KB, = M 55 4b
PR A FR B 4R i R0 25 340 7 2 0, BT DL S8 oK 6 6t VR B
A1 BRI 2 = A IE 9K 23 1 5 ma i 55 [ 151 3(e) ]
3 Ce) i iy 5 — A 37 1 B AR Dy, (9 38 K1 3
K, HARE T Bl g K, Hop 0=2x/3 B, IH —fb 452 37 1
LA K, 0=n/6 Fl /3 WA —{L A5 37 1 BLAH G . DA
P 3(b) FE 3(c) H A XE & BR, Bl 2 0 (/)N 7% 3% 1 2
B, TR A A A T RS, R R S5 K AE SR R S T
5 T A5 B TR 2 v A2 B 3 R R 3 24 R 22 D o 24 G
o, B S TR A AR R I B Y R R R o A
B 3Ce) Frm i g a0 A vl LA 2 0 A 20 /3 W80/ 2
/6 I, = A I G4 oK 2k i A8 T ROSE sy DR E 45 0 3
TR A BEA 2 0 W/ A R A 5 O AR X

B T RN S ORI AE AR . R 3(d) AT AR E]
Ji KB F & by, B9 3G KM/ o 24 0=n/6 I, & 5T
PR K. mT UL, T0UAf 0 Sk B8 AR B BT I i 3 25 4 1Y
et R Ve LB M B T AR . MUR 2R T 0==/6 FI
h,=2 nm,

A SR AN TR) B A 2428 r T A 380 A5 B ST B R X
R R Bl SR 12 R b th 4k, S 800 /=
30 THz, E;=0.6 eV, e =¢y., 0=n/6, h,,=2 nm. Ul
4 Ca) ir s, A 8O 2R B B S R A9 38 R T 4
K, B=MIEP KL E AR BR  n 8K W
&l 4(b)a] LLE i, B R 0935 K, Lo 09 722 A B2 A /)N
L, £ R=20~30 nm X [ /Nl F B, 7E R>40 nm i
FEARLRFEAAS . B 4Ce) s B R B3 K, H—1k
B b AR B S TR E 5 A AR B
N H B R AN T AR FE ok A
il )2, B 2R AR M B IX 8L, 2 R 3G K,
GNW 5 Si gk Ze iy A8 BV F B0 LR F- 18, B
FEREALRIEAAL o G 4(d) 7, R 34 sk b J5 DR %
F B3 K, Hor=2 nm B & 53 AT 35 956 DA 1o

2L WESE T = I K LA L B e WA R
PRI, 280N /=30 THz, E,=0.6 eV, R=50 nm,
r=2nm,0=mn/6,h,,=2nm. WES5FR,He 238

1013001-3



#5505 & 10 #1/2023 £ 5 B/ E#E*x

o =n/6 ——nf2
- = 0=1/3 ——0=21/3

5 10 15 20

Rgap /MM

(e) 107 (d) 1200
1000
800

E|

global field distribution

0=2n/3

&
@ -

B3 MR 5 16 5 o () s (b) B BE B s () I BT () R8s (e) o, =10 nm B A 1 — fE H 55 4
Fig. 3 Relationship between modal properties and A,

local field distribution

<
od 8

- (@) g (b) propagation distance ; (c) normalized mode field area; (d) figure of

merit; (e) normalized electric field distributions when £, =10 nm

gap

50 6
@) —— =2 nm th —— r=2 nm
- = r=bnm - = r=bnm
45 r r=10 nm r=10 nm
5 5
. ERN
g 40r B I
et 4t
3BF L~
v
30 1 1 1 3 1 1 1
20 40 60 80 100 20 40 60 80 100
R /nm R /nm
-5 d
(© 10 F pour e (d) 1500 pra
r = = r=5nm - = r=bnm
L r=10 nm r=10 nm

------- & 1000

Ax
7 4
’
]
1

-

10—6 L L L 500 ¢ 1 1 1 |
20 40 60 80 100 20 40 60 80 100

R /nm R /nm
P4 BEURAPERE R BRI R o () ngs (D) A ABIE RS (o) A — MBI AR 5 (d) i 5 R 8
Fig. 4 Relationship between modal properties and R. (a) n.; (b) propagation distance ; (c) normalized mode field area; (d) figure of merit
REN2W , n BTG, WAL RR RS Lo/ 88503 GORERG N TR I o0 A , AT b I8 21 B e A9 G, =
THT AR A 85, il BB F A 1190 B = 245 FIE 9 K 22 1 8 L 3 (B2 W 1 R, B S B 0 A AH L
EIS(h) Rt T IR A B ZE R = MIBARLF ST MEFIRG R, 200 S50 00 WORCR AR 36 O, #F T {14 5% iR

1013001-4



2505 F 10 H9/2023 £ 5 B/ E N

BEI/N o PELS (o) i IR 45 T B AR 5 4 vh i S A 37 03
fiio WA e MUHER, = AT DKL 04 51 [ 3 43 A B8 R R

(@ b5
50
457
s
40
35
30 i i ; .
2 4 6 8 10 12
&1
() 105
z
<
10

€1

€5

[ R SR T AP W I NP S B vk € e S - @ RN
I BURRRR AT B T 5 THZ 0k S 45 0 i R R PR R

()

Lp /pm

(d) 1500
1000

500

2 4 6 8 10 12

€1

“IEANRZ A AL e ISR PE BRI ¢ () s (D) AR BRI ES 5 (o)A — AR 1 BL 5 (d) i It P 50

Fig. 5 Effects of dielectric constant ¢, of triangular nanowire on mode characteristics. (a) n.; (b) propagation distance; (¢) normalized

mode field area; (d) figure of merit

P16 S AN [ 38 A a8 M 55 B e 10 A A% i
PEBE A1 05 TR BE E. ARt 2, 2800 e =2, 0=
7/6, hy=2 nm,r=2 nm, R=50 nm. WK 6(a) frix,
Bl E E. B3R A RO R B n B W), HLHS R,
ARIEX R B n ABEZ I K W 6(b) T LVE 1%
PR ME B L, Bl 2 K RE 0 E, B 19 QT 59k, 6 B 2% K RE 4%
BRI FE TR T . FEAHIF E. T 8K o 5 8% #%
FEES Lo/, W E.=1 eV, h20,30.40 THz i} X}

(@ 170
—— =20 THz
= = f=30THz
50 k f=40 THz
g
e

10 1 1
0.4 0.8 12 14
Er/eV
(o0 b
—— f=20 THz
- - f=30 THz
47 o =40 THz
N
= 3
z
<

0.8 12 14
Er/eV

1
0.4

N ) A% 3 B 43 51 R 21.5.14.8.9.8 pm. W& 6(c) fT
NGB POKRES EL 3G K 0 — (R B1 R A G T
B, =20 THz FI E.=1 eV it %} (19 U3 — Ak #5537 1 A1
J2.11X10 °, BAR B A/ A TE B A 1.19X10 °~
4.29x10°° K 6(d) KW, BiE E /3G K, &5 HEF
B, M E.>1 eVl FIHE L2500 L [,

IR 5 Wa S A 454 (B iE4T T X e,
mE 7(a) frs . A W FE GNW FL =1 JE Sig4k

102
\g 10t f
3 .
’ —+— =20 THz
r/ - — f=30 THz
f=40 THz
10° * *
0.4 0.8 1.2 14
Er/eV
(@ 10*
A 10°E
—i— =20 THz
= = f=30 THz
f=40 THz
102 ) .
0.4 0.8 1.2 14
Er /eV

Bl6 BRI S B R R o (a) nes (D) AEHREEET 5 (o) I3 — A7 1 1 5 (d) i 5 1R %K

Fig. 6 Relationship between modal properties and Ey. (a) n; (b) propagation distance; (¢) normalized mode field area; (d) figure of merit

1013001-5



AN A ST 2450 (A) = fIE GNW
MR Sigh KL A n . [ 7(b) FE 7(c) 2 5 5 Fh %
S L4EME R=50 nm 1 R=100 nm F i 3L 4810 — 4k iy
Yot , A S50 =2, 6,.,=2.25,6,=11.9,0=n /6 ,
r=2nm, h,,=2 nm, 10 nm, E,=1 eV il /=30 THz.
HE 7 (b)) fE 7 ()l L& B, £ R=50 nm Ml R=
100 nm B FRAETE T, 50 S L5 B AL, 3 S 450 A

2505 F 10 H9/2023 £ 5 B/ E N

ot AR . SO A AR B BAT AR
THARBETT . XA 45 T 4 AR A S 2
2 v 25 A, HL A R G 9 5 X 3 o A KRB T A0 280
JERF M, S R AR RO B B . WA B R AT 2
A S0 AL 1 BE 9OR 48 AN A7 AR, HURAE 4549 B
T = ST R Z R RS 45 K, 37 98 B RAELAL T
A SR SR AT, L SR SR AUV A LA R AR

@ structure A = graphene structure B
7 r
& Si
I Y hx Y
0 SiO2 /lﬁ SiO2
) 7
Toga o Rega o
/R @
Si
A B
(b)
E|
max
Rgap=2 NI hgap=10 nm hgap=2 NI hgap=10 nm
© X?
8 min
Rgap=2 NI hgap=10 nm hgap=2 NI hgap=10 nm

|7

W TP R BB 3 A o () P P AR ZEET 5 (b) R="50 nm Al (¢) R=100 nm I {4 2= 537 73 Afi

Fig. 7 Fundamental mode field distributions in waveguide structure. (a) Structural diagram of waveguide; fundamental mode field
distributions for (b) R="50 nm and (¢) R=100 nm

HE— 2B X HF S T i S A5 R A R B Y I K
et s 8 B, VU % s 2 A B 22 43 il 327 =20,
22,24, -+ ,40 THz Jr %t h; i 5 , Hoh R="50 nm, 4, =
2 nm, 10 nm, HAL S K 7(h) o 4 A, =10 nm B, 3
LM AMB R R EBALREIE R L, 0 o 12.2~
24.0 pm F110.0~24.5 pm. {H2 ¥ 458 A /LA
— Ak #5537 O (6.54X 10 *~1.58X10 °) Ik B 45 #4
(4.98X10 "~1.10X10 “) /N =B & % . Y h,=
2 nm i, P S 454 A TN B P AL RIS L R
9.8~21.0 pm 1 9.3~23.8 pm. [AIFE, I F 45 A A2
B — b A 37 T AR (2.11 X 10 °~3.33X 10 °) It B £5 #4
(1.93X 10 °*~2.57X10 °)/N—"H0 &g . 7] WAE 20~
40 THz B 2630 [, P gl 5 &5 4 1) A% i 40 FE 56 A AH
6], {E 2 450 A (OG5 2R REAL T 0% 454 B, B
FE37 29 RO S A0 FE 2 (A1 IS T B8 4 () AL o

103
* B, hgp=2 nm
* B, hgp=10 nm
-4 L *
10 A L
<105 °°°°°°°oooo
10-6
+ A, hgp=2 nm
° A, hgp=10 nm
1077 1 1 1
10 15 20 25
Lp/um
B8 I S a5k A R B 1 7 I K A% i R X L

Fig. 8 Comparison of subwavelength transmission properties of

waveguide structures A and B

TR T 45 A Y SERE b, o — 0 A SRR 2 IR
[ Sighok 2k, DT 2R 75 Uk 3 A1 806 2 19 [BE - =

1013001-6



2505 F 10 H9/2023 £ 5 B/ E N

TE A KRR G € LR P L Co FIOX LT
A C U 5 45 0 0 T 9 K AL ke, S 800 e =2,
eie=2.25,e,~=11.9, 0==/6,r=2 nm, R=100 nm,
E.=1eV fl =30 THz. 4[a] B A, A 2 nm 2 1
#) 10 nm B, A T U S 4540 C L S 451 A 19 1% 15
B A LY R AR B KR T o AR C 4544 iy
FEASAL B BB 4 9 A 14.9~17.5 pm F1 5.5~10.3 pm,

a 25
@ A
*\;C
s 20 "S- [
g A = - - - -
V 1
77|
N | R .l ,//
15 1 1 1
2 4 6 8 10
hgap /nm
-4
(c) 10 "
il C}
é ) ;//’/"
10—6 1 1 1

hgap /MM

AL C &5 0 i 8 0 — fb B 3 T AR a3 G A

2.43X10 °~9.35X10° Ml 7.86X10 ‘~2.40X 10",
WA 9 (a) F 4 18] (hy,, =4 nm) T 7R, A 25 4 1 337 4
Fo Ce il e h, B C 45/ 4 8B4 5ok
FIA B AE R m AL E K, R AR K. &,
E9(d) Tz, C 45k 1Y 5t R B R 700 2245, T A
S5 F B & 3k 2000 DL L .

30
(b) A
-=C
20
\5 */_—'_‘
T (1
0 1 1 1
2 4 6 8 10
hesp /nm
(@ 10 —A
{\‘\4\_1
F r
I 1

2
102

hgap /nm

K9 Y Sa5H AR C R P A A3 R L o () ngs (D AEHREIE S 5 () VA — B T AR (d) 5 5 PR 8

Fig. 9 Comparison of subwavelength transmission properties of waveguide structures A and C. (a) n.; (b) propagation distance ;

(c) normalized mode field area; (d) figure of merit

4 42 e

BT T —Fh i B ik 99 oK 2 vk 3 A0 A8 06 1 =
TE 9K 2 24 B IR & A5 B T I S 450 TR T %R
AU AWK R . BT U a5 A LA
SR G 20 R RE . B TR 0 08N S A R FE
A m AR R . XA 2R T = A GNW IR
1) 3 B AR R, TR 0 s /N 5 B4 3800 5 % 19 A B A
FH T FR /IS | S5 R A T URE o T B 445 4 7 SR 28 il
T A B T AR v A2 R RS 37 24 TR 22 TR] Y ]
WK F o 16 20~40 THz BRI, FEA I3 — 1A X 37 1w
TR ~10 “Hid 9%, [ B % 36 BB 25 S JL ek, db i I
BOnr ik 2500 LA b o AH H [R]85 0 A A% 4% R s A Y
i A AN T — B R MR A R
22 D02 I 27 NS R A 1 s (IR A S T R S N
S B HoAth s T 4R LR R AF

& X X M
[1]  Alonso Calafell I, Rozema L A, Alcaraz Iranzo D, et al. Giant
enhancement of third-harmonic generation in graphene - metal
heterostructures[J]. Nature Nanotechnology, 2021, 16(3): 318-324.

[2]  Mittendorff M, Winnerl S, Murphy T E. 2D THz optoelectronics
[J]. Advanced Optical Materials, 2021, 9(3): 2001500.

[3] Wang Y C, Zhao H, Huo D W, et al. Accumulation-layer
hybridized surface plasmon polaritions at an I'TO/LiNbO, interface
[J]. Optics Letters, 2019, 44(4): 947-950.

[4]  BKR, BESCHT, PRIE K, 5F M T AL BRRN S Bk Y T8 R
FHREM AR [T]. SL2r e, 2020, 40(21): 2124002.

Zhang C, Xue W R, Chen Y F, et al. Ultra-broadband solar
absorber based on titanium nitride and titanium dioxide[J]. Acta
Optica Sinica, 2020, 40(21): 2124002.

[6] Teng D, Wang K. Theoretical analysis of terahertz dielectric-
loaded graphene waveguide[J]. Nanomaterials, 2021, 11(1): 210.

(6] wiBlRE, DB, R, A5 LT BUR A R0 U 2 Al -
Jik 7 B B 4 (0. AR RO, 2017, 44(7): 0703019.

Gao M S, Luo Z M, Zhou H M, et al. Precise control of Goos-
Hinchen shift based on dielectric and graphene coating[J]. Chinese
Journal of Lasers, 2017, 44(7): 0703019.

[7] Yang X G, Li B J. Monolayer MoS, for nanoscale photonics[J].
Nanophotonics, 2020, 9(7): 1557-1577.

[8] He XY, LiuF, Lin F T, et al. Tunable MoS, modified hybrid
surface plasmon waveguides[J]. Nanotechnology, 2019, 30(12):
125201.

[9] Yang X G, Wen L, Yan J H, et al. Energy dissipation and
asymmetric excitation in hybrid waveguides for routing and coloring
[J]. The Journal of Physical Chemistry Letters, 2021, 12(29):
7034-7040.

[10] He X Y, Liu F, Lin F T, et al. Tunable 3D Dirac-semimetals
supported mid-IR hybrid plasmonic waveguides[J]. Optics Letters,

1013001-7



[11]

[12]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

2021, 46(3): 472-475.

MIeA:, SBLERs, UMM, 55 . 5 TR o 2 42 R 98 i1 T % 1
K2 AR & I, = O, 2019, 46(6): 0614033.

Tian Y S, Guo X H, Dai L L, et al. Broadband tunable terahertz
polarizers based on Dirac semimetal[J]. Chinese Journal of Lasers,
2019, 46(6): 0614033.

DYRT RAR FRIL, ST R R T A R IR A A
ARG B/ UL BT U0 A KR 2% W (7). R RO 2022, 49(3):
0314002.

Yi N N, Zong R, Gong J, et al. Single-/ dual-band switchable
terahertz absorber based on vanadium dioxide-Dirac semi-metal
hybrid metamaterial[J]. Chinese Journal of Lasers, 2022, 49(3):
0314002.

Liang G Z, Yu X C, Hu X N, et al. Mid-infrared photonics and
optoelectronics in 2D materials[J]. Materials Today, 2021, 51:
294-316.

Bonaccorso F, Sun Z, Hasan T, et al. Graphene photonics and
optoelectronics[J]. Nature Photonics, 2010, 4(9): 611-622.
ez, FLAEIR, S . A7 20 25 B IO Y D't o Atk o B HG R T i
Se[T] AR, 2015, 64(10): 106801,

Yang X X, Kong X T, Dai Q. Optical properties of graphene
plasmons and their potential applications[J]. Acta Physica Sinica,
2015, 64(10): 106801.

Romagnoli M, Sorianello V, Midrio M, et al. Graphene-based
integrated photonics for next-generation datacom and telecom[J].
Nature Reviews Materials, 2018, 3(10): 392-414.

FUREH:, 220 E, BRE G BLT 0 B 20K A BB 05 R A
ESUOTIR AR [T). JeoE A, 2021, 41(19): 1923001,

Kong X Z, LiJ H, Luo X M, et al. Graphene surface plasmon
polariton modulator based on biased nanowires[J]. Acta Optica
Sinica, 2021, 41(19): 1923001.

Yang X G, Liu Y, Lei H X, et al. An organic-inorganic broadband
photodetector based on a single polyaniline nanowire doped with
quantum dots[J]. Nanoscale, 2016, 8(34): 15529-15537.

TR, BESCHS, SRR, GF R A SRR B S U A BTN Ok 2
P I BERRPELT]. SE2R 24, 2019, 39(1): 0124001,

Wei Z 7Z, Xue W R, Peng Y L, et al. Mode characteristics of
waveguides based on three graphene-coated dielectric nanowires[J].
Acta Optica Sinica, 2019, 39(1): 0124001.

Teng D, Wang K, Li Z. Graphene-coated nanowire waveguides
and their applications[J]. Nanomaterials, 2020, 10(2): 229.

Hanson G W. Quasi-transverse electromagnetic modes supported
by a graphene parallel-plate waveguide[J]. Journal of Applied
Physics, 2008, 104(8): 084314.

Hu H, Yu R W, Teng H C, et al. Active control of micrometer
plasmon  propagation in  suspended
Communications, 2022, 13: 1465.

EUE R, R A O AT S0 A B T MO S AR R ). O
EOLH AR, 2017, 54(11): 112401.

Wang Q C, Song L. Propagation characteristics of dielectric-

graphene[J].  Nature

loaded graphene plasma waveguides[J]. Laser & Optoelectronics
Progress, 2017, 54(11): 112401.

Gao Y X, Ren G B, Zhu B F, et al. Single-mode graphene-coated
nanowire plasmonic waveguide[J]. Optics Letters, 2014, 39(20):
5909-5912.

Chen B G, Meng C, Yang Z Y, et al. Graphene coated ZnO
nanowire optical waveguides[J]. Optics Express, 2014, 22(20):
24276-24285.

Sun M, TianJ P, Lan X H, et al. Transmission properties of two
vertically coupled double-graphene-coated nanowires integrated
with substrate[J]. Optik, 2019, 185: 242-247.

Hajati M, Hajati Y. Plasmonic characteristics of two vertically
coupled graphene-coated nanowires integrated with substrate[J].
Applied Optics, 2017, 56(4): 870-875.

Teng D, Wang Y C, Xu T Z, et al. Symmetric graphene dielectric
structures[J].

nanowaveguides  as  ultra-compact  photonic

Nanomaterials, 2021, 11(5): 1281.

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

1013001-8

#5505 & 10 #1/2023 £ 5 B/ E#E*x

Teng D, Wang K, Li Z, et al. Graphene-coated nanowire dimers

for deep subwavelength waveguiding in mid-infrared range[J].
Optics Express, 2019, 27(9): 12458-12469.

Hajati M, Hajati Y. High-performance and low-loss plasmon
waveguiding in graphene-coated nanowire with substrate[J]. Journal
of the Optical Society of America B, 2016, 33(12): 2560-2565.
Teng D, Guo J K, Yang Y D, et al. Study of modal properties in
graphene-coated nanowires integrated with substrates[J]. Applied
Physics B, 2020, 126(11): 173.

Wu D, TianJ, Yang R. Study of mode performances of graphene-
coated nanowire integrated with triangle wedge substrate[J]. Journal
of Nonlinear Optical Physics & Materials, 2018, 27(2): 1850013.
Wang J Q, Xing Z K, Chen X, et al. Recent progress in
waveguide-integrated graphene photonic devices for sensing and
communication applications[J]. Frontiers in Physics, 2020, 8: 37.
Wang J Q, Zhang L, Chen Y Z, et al. Saturable absorption in
graphene-on-waveguide devices[J]. Applied Physics
2019, 12(3): 032003.

Yan R, Gargas D, Yang P. Nanowire photonics[J].
Photonics, 2009, 3(10): 569-576.

Zhang Q, Li G Y, Liu X F, et al. A room temperature low-
threshold ultraviolet plasmonic
Communications, 2014, 5: 4953.
Teng D, Wang K, Huan Q S, et al. High-performance light

Express,

Nature

nanolaser[J]. Nature

transmission based on graphene plasmonic waveguides[J]. Journal
of Materials Chemistry C, 2020, 8(20): 6832-6838.

Xiao S 'Y, Wang T, Liu T T, et al. Active modulation of
electromagnetically induced transparency analogue in terahertz hybrid
metal-graphene metamaterials[J]. Carbon, 2018, 126: 271-278.
Ahmadivand A, Ahuja R, Toroidal
metaphotonics and metadevices[J]. Laser & Photonics Reviews,
2020, 14(11): 1900326.

eIk, E I, A, A TR R A B R AR
Y oK 2k WK L i RE R OF T D] O % 4= i, 2020, 40(13):
1324002.

Teng D, Ma W S, Yang Y D, et al. Study on subwavelength
transmission

Gerislioglu B, et al.

properties of triangular-shaped  graphene-coated

nanowires on substrate[J]. Acta Optica Sinica, 2020, 40(13):

1324002.
Kanahashi K, Tanaka N, Shoji Y, et al. Formation of
environmentally ~ stable  hole-doped  graphene films  with

instantaneous and high-density carrier doping via a boron-based
oxidant[J]. Npj 2D Materials and Applications, 2019, 3: 7.
Novoselov K S, Geim A K, Morozov S V, et al. Electric field
effect in atomically thin carbon films[J]. Science, 2004, 306(5696):
666-669.

KT, BRIk, ER AL A S AT BROC T b i PR R
JrEI] #okS ot TR, 2021, 58(7): 0723003,

Zhao Y Z, Teng D, Wang Y C, et al. Two processing methods of
graphene in finite element calculation[J]. Laser & Optoelectronics
Progress, 2021, 58(7): 0723003.

Ek, FHAS, Bobe T, A AR AR = iR A 3R i A
TP PEBEOE, 2020, 47(3): 0313001,

Wang Z B, Yin S J, Duan X N, et al. Hybrid surface-plasmon
waveguide with symmetrical triangular ribs[J]. Chinese Journal of
Lasers, 2020, 47(3): 0313001.

ki, Eh, Al AF RGN BRI AR B R I T 1%
ke bELT] T E Ok, 2017, 44(5): 0513001

LiZ Q, Yue Z, Bai L D, et al. Transmission characteristics of
mixed double ribbed surface plasmon waveguide[J]. Chinese
Journal of Lasers, 2017, 44(5): 0513001.

Oulton R F, Sorger V J, Genov D A, et al. A hybrid plasmonic
waveguide for subwavelength confinement and
propagation[J]. Nature Photonics, 2008, 2(8): 496-500.
Buckley R, Berini P. Figures of merit for 2D surface plasmon

long-range

waveguides and application to metal stripes[J]. Optics Express,
2007, 15(19): 12174-12182.



2505 F 10 H9/2023 £ 5 B/ E N

Subwavelength Transmission Characteristics of Graphene-Dielectric
Nanowire Hybrid Waveguides

Teng Da", Fang Hongli', Yan Jianjun', Wang Anran', Jiang Man', Liang Binghan',
Yang Xiangli', Hu Xuemei', Guan Ziyi', Tian Yuanming', Wang Kai’"
'School of Physics and Electrical Engineering, Zhengzhou Normal University, Zhengzhou 450044, Henan, China;
*Key Laboratory of Infrared Imaging Materials and Detectors, Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghati 200083, China

Abstract

Objective Subwavelength optical field confinement and low-loss propagation are important for compact photonic integration.
However, the field confinement capability of noble metal-based plasmonic devices is always accompanied by the inherent ohmic loss.
These structures perform well at the near-infrared and visible frequencies. However, in the mid- and far-infrared regions, the lack of
tunability in their electromagnetic response and poor modal field confinement ability hinder their applications at the nanoscale.
Recently, both theoretical and experimental reports have demonstrated that graphene can support surface plasmons in the infrared
range with unique tunability, extremely strong modal field confinement, and a large field enhancement. Owing to the tradeoff
between modal loss and confinement in plasmonic structures, it is difficult to obtain a deep-subwavelength modal field and long-range
propagation simultaneously. Although a graphene-based hybrid waveguide integrated with a triangle wedge substrate has been
proposed to achieve an ultra-small normalized mode size, the modal loss remains relatively large (with a propagation length less than
10 pm). Thus, obtaining a better balance between the modal loss and field confinement remains a significant challenge. In this study,
a hybrid plasmon waveguide consisting of a cylindrical silicon nanowire and graphene-coated triangular nanowire is designed. The
designed waveguide exhibits strong optical field confinement capability, low loss propagation, and a high figure of merit; thus, it is

suitable as a building block for subwavelength photonic devices, such as modulators and nanolasers.

Methods The proposed plasmon waveguide consists of a graphene-coated triangular nanowire separated from a cylindrical silicon
nanowire by a nanoscale dielectric gap with width (A,,) (Fig. 1). For the modeling and simulation, the wave optics module of
COMSOL software is employed. The eigenvalue solver is used to obtain the complex effective mode index (N,) and effective mode
area (A,). In the simulation, the graphene layer is modeled as an electric field-induced surface current J= ¢, F without thickness,
where J is the surface current and E is the electric field. The calculation domain is 24,X 24,, and a perfectly matched layer (PML) is
applied to the surroundings of the geometry to avoid the influence of reflection. A convergence analysis is performed to ensure that the
numerical boundaries and meshing do not interfere with the solutions.

Results and Discussion The proposed waveguide exhibits well-confined modal fields with the focal spot area of 13.5>X 10 nm*
(even less), corresponding to size of A5/(7.4X10°). The modal transmission properties are highly dependent on angle 4. When 6
decreases, both the propagation loss and modal area decrease, indicating that the tradeoff between modal loss and confinement is
broken to some extent. Additionally, a smaller gap distance results in a larger figure of merit (Fig. 3). Interestingly, when the radius
of the Si nanowire increases, the propagation length decreases slightly at first and then appears to be invariable, while the modal area
decreases monotonically. This is because the loss is mainly from the graphene layer, and when R increases, the graphene-light
interaction region is nearly invariable. When R ranges from 40 nm to 100 nm, the loss is invariable, while the modal area reduces
(Fig. 4). When the triangular nanowire permittivity ranges from 2 to 12, the figure of merit decreases from 1190 to 245, implying that
a smaller permittivity can improve waveguide performance (Fig. 5). The tunability of the Fermi energy of graphene allows the active
tuning of the modal properties. When the Fermi energy ranges from 0.4 eV to 1.4 eV, the normalized modal areas of the fundamental
modes are on the order of ~10"°. In particular, when the Fermi energy is above 1 eV, a propagation length of several tens of
micrometers and a figure of merit of over 2500 can be achieved (Fig. 6). Finally, the proposed waveguide is demonstrated to have

better comprehensive performance than a similar waveguide structure (Fig. 8) and a two-wire system (Fig. 9).

Conclusions In this work, the subwavelength transmission characteristics of a graphene-dielectric nanowire hybrid waveguide are
proposed and examined. The proposed waveguide exhibits extremely strong optical field confinement capability. In particular, when @
decreases, both the modal loss and modal area decrease. This is due to the tip focusing effect of the triangular-shaped GNW, and the
decrease in @ results in a reduction in the graphene-light interaction region, which in turn reduces the loss. Thus, the tradeoff between
modal loss and confinement is broken to some extent. When the frequency ranges from 20 THz to 40 THz, the normalized modal areas
of the fundamental modes in the designed waveguide are on the order of ~10~° with a propagation length of approximately several tens
of micrometers, as well as a high figure of merit of over 2500. Compared with a similar waveguide structure, the mode field area is
reduced by one order of magnitude while maintaining a comparable propagation distance. These findings are expected to have potential

applications in waveguide-integrated plasmonic devices and greatly reduce the device size, such as modulators and nano-lasers.
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