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Fig. 1. (a) Schematic diagram of the gold dipole nanoantenna on a gold substrate; (b1), (b
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(¢)—(e) definition of the SPP scattering coefficients p, 7, r, § and electromagnetic fields

the SPP model.
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Fig. 2. Moduli of the electric-field components (|E,|, | E,|, |E,|) on the y-z cross section for the fundamental SPP mode satisfying nor-
malization E, = 1 at (y, 2) = (0, H/2). The superimposed dashed lines show the boundaries of the structure.
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e eRnlae L RHE (1), RS R

sym ~ Ysym 1—w??r(p+71) ’ W HL RG] LAk
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D7 (7), BIATA5- 3 1] Bt v s PR 5 B & B 5
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1 1 i
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2 2
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_ gap-scattering (8&)
+ csym’U!pSPP,+ ’
N o 1 v 1 v’ b+ chd—scattering
asym *5 source 5 source + asymu SPP,+
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+ Casymv!pSPP, — + basmeWSPP, —
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T Q) T, oo M Wl oo 2 BB AT S,
SRR 1 I 5 0 L B 1 P 7, e
(U0 1(d) BT 7R ) i Wgpe e 4 ) e R A7 4T
7oA SPP 1R K LS b 1 1Y WM 371 (€ X S
WEANY, J5EE L E&EIK TR 90K
2 H A SPP ), BEE (& 1(c)) A
WED N KR A AT L AT SPP FE K M4
LB RO Y. R A HURIZ T LR 220K a-
FMMI6667 318045 2] J7 f (8) n] B WL B A 4n T
551, 2 WO RURRY BRSS9 3, 4 WU REL
HH B SPP (R BN b asyms Coymyasym ) T 1 21 5
T, BesE (AR R0 u, v) BB, 56 5, 6 Tl
RELRE L SPP(REI by jaym s Coym asym ) ETE ]
Al B (FHEE T8 u, v) EUH Y. T2, 1
A IR R, A H 2 (B Y B g3 AT Rk Ty
Wrag = Py + Yoy
— Wyouree + (B + b)) uendsctcring

+ + gap-scattering
+ (Csym + Casym) UWSPP,—

— — end-scattering
+ (bsym + basym) ugpSPP,f

+ (G + o) VTR ()

AT (9), BUAITHRGE IR S HR 1.

3 #ER 53
3.1 REMBERIEHESIEENS
Sy THFGE A 1 AR K N R e 1 e

BEGEIE w X REHR SRR R s, ARG S A
SR AR AOR R ZE I Z5 I, W (AR R K [
HEHN L = Ly, = 126 nm (I 3(al) FE 3(b1))
J L = Lyo = 272 nm (& 3(a2) FEl 3(b2)), &3
il TIH— AR A KSR v = Lo/ Tevma 5
H— b 58 R vy = Taa/Tonma B A 2210
B PRI 28, G v BE IRUAS [R] 118) R 2 P[] e 4 9 1%
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THAEZR (RIE) R, TEIRIGAL, R KRG
SEEE v, YR BB EEYEGR (v > 1, g > 1), i,
M L = Ly, 1, w= 35 nm i, £ A\=1.01 pm
by, R A PR F] 5454 K 1041, G 2.1 3 TR,
B Y, YR RN T R G KOG 25481921 R Y
SR (991215 By iSRS (164789400 255 AR T
BLAERX T, X T A EA T B G R PR R
HYREL, BN, xR IR-rhuc BIEAE KL B AT S
By = 2100, Y = 1700, 444K FR-FIETE 2
WG 28 PTI A SEBL B g yp = 760, vp =~ 520, V il
FEPIE R AT 02 A SE R s v =~ 2400, JEXFFREE
B IRRE ) AT SR 5 v =~ 4500, vz =~ 1800.
L ERRZA LY, A8 SCHE S B R 4R AR AR B 5
Y Yo AR AR 1 g, O H, 2R KL E T
NPoM 5 #4 8031 7 i 48 J7 i B A RE B KG f IE 1
YUK RIBR A PL . AR, A SO I R 2 RO HE 51
P RERESCIN, A BT v A AR R A KoL
+ nm S PR R AE TE R A F] 5 nm . XTI
il b R ZemT g i IRk L i A R AL, Bk B
RS R R, KRR ML e RBOBIREK
8l X yp Ry & AEHETR A 58 M AR TR IR G Ar
BB AR .

(EA RN, B 3 B s, nl i iy e
W FR UM AR R R S R Y FEA G SR B X T
Kl 3(al) I 3(b1) T L = Ly FIRE, Yr, 1
BRI T PR I st ko L . i e B B w B K
BOB PRI W, MRS K w B, X5 T
AR HBORBRISHE, T 9K R 2
R w M 10 nm BEKEF] 35 nm B, yp > 1000 )
WAL [932, 1200] nm #LAE(EF] [938, 1100]
nm. 5 yp 0L, o nT LUGE i IR w ok i SR
VR AAFIE IRV ACTE . B 2E | A TR I PR I
KAPIHER Nes 1 Aesas T PAR I vy, vg RGN
IR —2 Filn, 2K 3(al) FIE 3(b1) Hr, H
PSR R 6 (B2 ) A ZiAni T w = 5 nm
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o w=>5nm, a-FMM
—— w =5 nm, SPP model

o w =25 nm, a-FMM
—— w = 25 nm, SPP model

o w=10 nm, a-FMM
—— w =10 nm, SPP model

o w =30 nm, a-FMM
—— w =30 nm, SPP model

Lyesy =126 nm
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w = 15 nm, SPP model
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o w =20 nm, a-FMM
—— w =20 nm, SPP model

o Single antenna, a-FMM
—— Single antenna, SPP model

Lies2 =272 nm
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(a2)
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Lot/ TPvMma
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)
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4
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=)
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Laa/Tevma
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B3 eSS sCIRBON T, A A K R 2 A9 I8 — fb S 3R BT R T/ Toana((al), (a2)) ATE — P32 37 48 41 3 8 1aa/ Toanaa(b1),
(b2)), 7R N ACIR R S X Y PR S5 R HR AT a-FMM S 5 (10 1) A1 SPP AR (S24k) 13 8. (al), (b1) REEK L =
Lo 1 = 126 nm. (a2), (b2) L = Lyg, o = 272 nm. AN [F] KL () PEAE TEBE w X A 18] 2060 19 1T 2. R €0 i 2 X6 7 B R 949 K R 2 114

G N AR LR T 7R (10) BUMAY R UE K

Fig. 3. Normalized total emission rate I, /Ipyna ((al), (22)) and normalized radiative emission rate I.q/Ipypaa ((b1), (b2)) of the

dipole nanoantenna under a single point-source excitation plotted as functions of the excitation wavelength A. The results are ob-
tained with the rigorous a-FMM calculation (circles) and the SPP model (solid curves), respectively. (al), (bl) Antenna arm length
L = Ly 1 = 126 nm. (a2), (b2) L = Ly » = 272 nm. Different widths w of the slit between the antenna arms correspond to curves

of different colors. The gray curves show the results of a single-arm nanoantenna. The vertical dash-dot lines show the resonant

wavelengths predicted by Equation (10).

(8% w = 10 nm) B}, yp S g BUEHRIEIEIRIE,
TN Aesy = 0.96 pm, Ao = 1.20 pm (8
Aresg = 0.97 pm, Aoeo = 1.10 pm), HAHAL SRS
FEF—1H8. ¥ w= 10 nm i, 7E A = 1.10 pm
(L, RSB /1 = 22.95%, FRHIRL
HA B S Re. XTE 3(a2) ME 3(b2)
L = Lo WIRE, o, m BT 5 L = L,y
(1 R 22 LAY XS B 04 . >4 w DA 10 nm 1 K F
25 nm I, yp > 1000 FEASEREIRH [960, 1090] nm
HLEAREF] [962, 1060] nm. 4 w = 10 nm K, 7E
IR N1 = 0.99 pm (78, RERITHRN
Yo/¥r = 4.92%. XFFAHEE w BUE, KL K

M L= Lres,l ijt%” L= Lres723 Y1 Ej"h{ E/‘Jﬂ@{aﬁ
AA I R B 58 B R, O BRI R A
B, RERYIRSIBERI] T .

3.2 XRLEBXREHIEEIFEERET SPP EE
BIHLIE ST

R TR R EE LS R S B, FRATTE
FH SPP BRI vy 5 g, WKL 3 7R, SPP %
R (522%) 540 a-FMM 45 (17118) 45845
BRI, BOUESE TR B RO SR, TR R 1%
WL, SPP BRIFAE—E IR 2. ZIRER, BT
BEA 2 B 1Y) SPP A LN, A5 v 220 11
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b A (AR AR AR | R A ) (6509 g
Xof REFRSTA BTHR.

o YRR 3 v s Y AR S T 1 5
%, SPP BRI 2 (7) (B 5 R (9) F#W, X T
vo(B ) BEICA, Bk SPP B RHMaL
0 asym (BN i Cotarasym ) ISR AEL, D
SR A LT AN ARALDE L S5 2 —

2koRe(nesr) L + arg(r) + arg(p + 7) = 2M=, (10a)

2koRe(negr) L + arg(r) + arg(p — 7) = 2N=n, (10b)
Hrarg() £RiRMA; ky = 2/ ) RESSHIEG M,
N BUCRES, 4B XHR SO FR S TR iR
Kk, TR (10) TR (5) A BB |1-w?Pr(p +
) UK /MBS B, X BOR arg[u?r(p £ 7)) B
2n FEABUE (B R (10)), VA K| ePr(p + 7)| =
luv?|r]|p + 7| = 1, JF&EIETLU N HEAE]. 55,
SPP 4% . i# 4 R AL p Al 7 T B R AR TR U
REEFEHCR ™ Blp+ 7 = 1, |p—7] = 1(H4
w=10 nm, A =1 pm B}, |p + 7] = 0.9939, |p — 7| =
0.9676); HWK, SPP 75 K 2k W o 1Y S It i, B
Ir = 1(H X =1 um i, |r| = 0.9793); FIK, 45
Fyh SR ) SPP AR AR, AT S R ngge
FEFRAR/N (X = 1 pm B, ng = 3.4304 + 0.1009 i),
TS SPP A& 48—~ KL I B 10 3 08 | o] =
exp| — kolm(neg) L] =~ 1.

Ji e (10) AT T % K A A K 56 5 4 5 i
RLSH BN, b T F (10a), A5 B B
JiRE A = f(\) e, Hh
B 4nRe(ner) L

2Mmn — arg(r) —arg(p+ 1)’

Negr, Ty py T IR N FLEAE BREL. i R ]
A LR AMEAR A 1 AR 371 SR A%, 1531 A = Nes, sy
SRR SRR T R IR IR I Tk
fifE R (10b), BAE X = s, asyms FXFTFR IR
Jil T R K

WE 4 s, FHJ5 R (10), 0T AR B4
B BE w XTI TSR Ao, sym jasyms TUMZERE
P 3 H a- FMMISSST AR RIS (7 Aes, sym =
Ares. 16 Ares, asym = Ares, 2), 3% UE 52 T 45 7 Ty B
(10) BIAEE. T4 I, T Ay, gy < Area® ™
< Ares, asyms FEFFT NGECHEM — 1y 4R b
BARFAORRZ ISR, WNIE 4 rhoKOP- B A 5 )

)

LN (HFEE A PR (AD) BiE), SN RIZE T
T R A R 2 78 OO FR S IR SR T R iR
Nves, asyms T I7 AR R ETE XS FR s IR T 1385
PR Nes, sym- FEH wIE R, Nes, sym -9 Aves, asym
BHTEENT, I W T Aede ™ (i &4 {4 &
HR TGRS, X 5 E 3 RS R —E DU
LERAT R . B wii K, BeaELb SPP 1Y
B RE T BT 0, S FREL p T SPPAER L
TP S S R (AN 1(c) FEL 1(d) Fim), Xk flifs
TR (10) H arg(p + 7) 5 arg(p — 7) W& THHIE
HIEE arg(r), T2 2 (10) & T B gk K4k
IEHRASE (B A R (AB)), I Aeq, gy 1
Mves, nsgms JEST Asmoma single

0 Liyes,1, sym, a-FMM — Lyes,1, sym, SPP model

0 Lyes, asym, a-FMM  — Lyes 1, asym, SPP model
Lies 2, sym, a-FMM Lyes 2, sym, SPP model
© Lies2, asym, a-FMM == Lyes 2, asym, SPP model

1.3

Ares/m

0.9

10 20 30 40

K4 R R RATEIRIAC Ao BEDESE TE 1 w B ki th
& BT A, sym = Ares, 15 Ares, asym = Ares, 25 Ares, 1r Ares, 2 H
P 3y 5y MIE R I, T70E | [ R Dy a-FMM ™ 4% 1t
BAER . S Ll SPP BRI TS AR (10) TN M4 2R 4
X KRR L = Ly = 126 nm [ X R 5
A M=N=1], L4  FHEOMEIN L = Ly » =
272 nm(W N M = N = 2). KV i 040 75 8 (A5) Ul Y
A AR R A IR I I

Fig. 4. Resonant wavelength A, of the dipole nanoantenna
plotted as a function of the slit width w. There are Ao gm =
Ares, 1 A Aeg asym = Ares, 20 With A 1 and Ay o being the
resonant wavelengths of ¥y or 7y shown in Figure 3. The
squares and circles show the results obtained with the rigor-
ous a-FMM calculation. The solid and dashed curves show
the predictions of the SPP model Equation (10). The red
and blue curves correspond to the antenna arm length
L = L, 1 = 126 nm (obtained for M = N = 1 in Equation
(10)). The magenta and cyan curves correspond to L = Lyo, o =
272 nm (obtained for M = N = 2). The horizontal dash-dot
line shows the resonant wavelength of the single-arm

nanoantenna predicted by Equation (A5).
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T T SPP AT R, R R A R
IEHIE H R R S ESRE AL 15, MR 4%
PEEY TR (10) 52055 L i, SPP T REREEIR 1L
T — S8 i BRI AEES (72 (10) ZEM) Sy 2 A 8K
Bof, XLt 2 mHUN S 1) SPP AR AR T
WE I, M i SPP #Y Fabry-Perot 3:4%. &
J&, AT (7), SRR SPP(HA KR
BB asym s Doy jasym ) HF TR LR S A 4 P
Y, B R R B R ARAT R Ty, WA 3(al) F1
Kl 3(a2) Fizs. X Fimigiaaf miR I, AR 7 i
(9), X BEHIR IR 1) SPP(EA B REO]
o asym) 23 M B LR AR B WU 5, O J R
T, 20K 3(b1) FIE 3(b2) Fi7s.

K 3 R T hiE REEK LR, KA
PRIt v, Yr BIEAENR/N. 0 T fREZ IS, LA
PRI, 7R (5) 4 SPP 2R Bhy /0 RERAE 1 12 -

C

|1 —w*’r(pt7)| =1 [W*v’r(p£ 7))

=1—|r(p£ 1) exp[—2koIm (new) L], (11)

Horp Im () FmFEEB. 4 LHRES, R (11) A
14 j( f# 15 SPP %ﬁ/}j/ HE 1 5 75 Y, 'YRi/J
/.

3.3 EHOR

Bl 5 B TAESRA s IR T, R 2K a
FMMI00-67 A 3075 B (1) fH A R 2R & A T PRI )
AR R RN E (S E 4) R K
L= Ly & L= Ly o, BHETEE w= 10 nm, DIJK
PRI Mes 15 Ares 2(B Aves, sym = Ares, 1y Aves, asym =
Ares.20 I3 TIXE I XEAR o 6 Bk S UR 50 T ) M, N
WEPRGOR, WIS (10)). & 5(al) FIE] 5(c1) %,
XFF X FRIEIRIR (M = 1, 2), Re(E,) XTF 2 =0
EEXFFRA . B 5(b1) A 5(d1) 28, X5kt
FRIEIRGIK (N = 1, 2), Re(E,) X T = = 024}
FRAM A . X AT LA 3 SPP R 50 S FIR i . 12245 78 T3
W, AEEIR S O R (10a)) F, B4 SR AL
1) X U B A R 3 7 A T IR (B R (5b) —
(5d) 45 H AR SRR 1) SPP R BB KA,
DAL e = A ST P A 1 ROV S TR R 1937,
TSR PR A IR 137 1R WL 3 1 247
T2 HL 37 S s RO AR R — B X AR (0
Kl 5(al) 1A 5(cl) FroR). [FHE, IR OF

& (10b)) T, HUREIZHE R HH R R A5 05— 3K
X FRYE (ANl 5(b1) A& 5(d1) BiR). Bl 5(a2)—
(d2) o TIEzliJii%a\Zﬁ , He e SR Y (2, )
A bR E LT — A5 X R TR E
Im(E,) fA7E# TIC55 ﬁﬂﬁﬁﬁﬁ

Re(E.) |E.|

(al) M=1 104 (a2) M=1 104
. I

Y E 3E 32
—1.5 0

(b1) N=1 104 (b2) N= 104
1.5

S, .
-1.5

(c1) M=2 104 (c2) 104
A |,

Y k L
-1

(d1) N=2 104 (d2) 104

I, -i”

K5 BARBEBEBT, RENWKERN (2 =

Inm # M E) EER Y08 ENES A (al), ( )
(bl), (b2) R K L = Lo 1 = 126 nm, A gy = 0.97 pm,
Ares, asym = 1.10 pm (43 EIJXT JifE (10) M_ 1 N =1);
(c1), ((:2)7 (d1), (d2) L = Ly = 272 nm, g gyn = 0.99 pm,
Ares, asym = 1.05 pm (73 5l %0 M = 2 Fl N = 2); (al)—
(d1) B/R T Re(E,); (a2)—(d2) B/RTI|E|. E T H—
1 (BR LA Toana)

Fig. 5. Near-field distribution of the main electric-field com-
ponent E, in the antenna nanogap (on the cross-section of
1nm below z = H) under excitation by a single point
source: (al), (a2), (bl), (b2) For antenna arm length L =
Lies; = 126 nm and wavelengths A gm = 0.97 pm, A agym =
1.10 pm (respectively corresponding to M = 1 and N = 1
in Equation (10)); (cl), (c2), (d1), (d2) for L = Lo =
272 nm and A gy = 0.99 pm, A aqym = 1.05 pm (re-
spectively corresponding to M = 2 and N = 2); (al)-(d1)
show Re(E,); (a2)-(d2) show |E,. E, is normalized (di-
vided by I'pyma)-

Kl 5 R, BEETEIRIIIE K (M B N M 13
KE 2), KR A T I8 B A% (B A B3 1
(A 2 AR 34Y), I Higd A 55, Xt nT
DLE L SPP BBk PR . BF IR T RS 1A
R IaAE4E SPP (&N, I IR BRI I, AR (1Y)
KRR (WITFE (10)), TR RN K M
SAEE Z . [FRE, ARPETRR (11), BEE kA SR
ARG LK, SPP N AB08/), flifsghk
[FIBR T LRGP, (R (7)) 18055, X SRR T
(L F SRR IR T, IR — 20 (WA 3).
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Fig. 6. Angular distributions P(, ¢) of the far-field emission for the dipole nanoantenna under excitation by a single point source.

The calculations are for antenna arm length L = L, ; = 126 nm and resonance wavelengths s g (columns 1 and 2) and A, asym

(columns 3 and 4) corresponding to different widths w of the slit between the antenna arms (as shown in Fig. 4). (al)-(ad) w =
50m, e, gym = 0.96 pm, Ag agym = 1.2 um; (b1)—(b4) w = 15 nm, Aeg gy = 0.98 um, A sy = 1.06 pm; (cl)—(c4) w = 35 nm,

Ares, sym = 0-99 um, Arg aqem = 1.02 pm. The superimposed circles and radial lines correspond to the polar angle 6 and azimuth angle

¢, respectively.
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Fig. Al. (a) Schematic diagram of a single-arm nanoan-
tenna on a gold substrate; (b) definition of the SPP mode
coefficients a;, ay, by, by in the SPP model under a single
point-source excitation; (c) normalized total emission rate
Lot/ Tpavivia (blue curves) and normalized radiative emssion
rate [y.q/Ipyva (red curves) of the antenna plotted as
functions of the antenna arm length L (for fixed wavelength
A = 1 um). The circles and solid curves show the results of
the full-wave a-FMM and SPP model, respectively. The
vertical green dashed lines show the L at resonance determ-
ined by Equation (A5).
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Fig. Bl. Top view (a) and side view (b) of the dipole an-
tenna with rounded edges and corners. The red dot represents

the emission point source.
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the total

Lot/ITpama (a) and normalized radiative emission rate
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Ioa/Teanva (b) under excitation by a single point source,
which are plotted as functions of wavelength A. The calcula-
tion is performed with the a-FMM (red curves) and the
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length is L = L., = 126 nm, and the width of the slit

between the antenna arms is w = 10 nm.
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Abstract

Optical nanoantennas can achieve electromagnetic-field enhancement under far-field excitation or

spontaneous-emission enhancement under excitation by radiating emitters. Among them, nanoantennas on a

m

to

etallic substrate (i.e. the so-called nanoparticle-on-mirror antennas) have aroused great research interest due

their ease in forming metallic gaps of sizes down to a few nanometers or even subnanometer. Here we propose

an optical dipole nanoantenna on a metallic substrate with a broadband enhancement of spontaneous emission.
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Its total and radiative emission-rate enhancement factors can reach up to 5454 and 1041, respectively. In the
near-infrared band, the wavelength range of spontaneous-emission enhancement (Purcell factor over 1000) can
reach 260nm. By changing the width of the slit between the two antenna arms and also the length of the
antenna arms, the spontaneous-emission enhancement bandwidth and enhancement factors can be adjusted,
respectively, which brings great freedom and simplicity to the design process. The antenna can achieve a strong
far-field radiation within a central anglular zone (polar angle §<60°) corresponding to a certain numerical
aperture of objective lens, and therefore can increase the intensity of the fluorescence collected by the objective
lens. Based on the above performances, the antenna can provide a broadband enhancement of spontaneous
emission for fluorescent molecules or quantum dots (whose fluorescence spectrum usually covers a certain
wavelength range), which is of great significance for the applications such as in high-speed and super-bright
nanoscale light sources and high-sensitivity fluorescent-molecule sensing.

To clarify the underlying physical mechanisms, we build up a semi-analytical model by considering an
intuitive excitation and multiple-scattering process of surface plasmon polaritons (SPPs) that propagate along
the antenna arms. All the parameters used in the model (such as the SPP scattering coefficients) are obtained
via rigorous calculations based on the first principle of Maxwell's equations without any fitting process, which
ensures that the model has a solid electromagnetic foundation and can provide quantitative predictions. The
SPP model can comprehensively reproduce all the radiation properties of the antenna, such as the total
radiative emission rate and the far-field radiation pattern. Two phase-matching conditions are derived from the
model for predicting the antenna resonance, and show that under these conditions, the SPPs on the antenna
arms form a pair of Fabry-Perot resonance and therefore are enhanced, and the enhanced SPPs propagate to
the emitter in the nanogap (or scattered into the free space), so as to enhance the total spontaneous emission
rate (or the far-field radiative emission rate). Besides, this pair of Fabry-Perot resonance results in a pair of

resonance peaks close to each other, then enhancing the spontaneous emission with a broadband.

Keywords: optical nanoantenna, spontaneous-emission enhancement, surface plasmon polariton, semi-

analytical model
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