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Fig. 1. Schematic diagrams of the numerical method by using the reciprocity theorem for calculating the angular distribution of far-
field radiation intensity of a single electric-current point source in a periodic structure. The depicted structure is a periodic array of
metallic nanoantennas (gold nanocubes) on a metallic mirror: (a) The original problem where a point source is located in a periodic
structure and radiates up-going far-field plane-wave modes; (b) the reciprocity problem where a down-going far-field plane-wave mode
excites the periodic structure. The electromagnetic fields of Figure (a) and Figure (b) are denoted by 1, and b,, respectively; (c) side
view of the structure. From bottom to top, the structure is composed of a semi-infinite gold substrate, a PMMA nanogap (with a

thickness %) and a gold-nanocube antenna array (with a side length D, and periods a and b along z and y directions, respectively).
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Fig. 2. Schematic diagram of ASM: (a) Radiation problem of a single electric-current point source J (red asterisk) in a periodic

structure (the periods along the z and y directions being a and b, respectively); (b1)—(b3) radiation problem of pseudoperiodic point-

source arrays J* (corresponding to different k, and k,, green asterisks) in the periodic structure. By using the ASM, the radiation

field in Figure (a) can be expressed as a linear superposition of the radiation fields in Figure (b).
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JT 5 W) e B BB FLAR , 4 i O i i (2225-28.92.43],
LAk, ﬁ%%éfﬁﬁmﬁﬁ%#ﬁ@ﬂﬁby\ﬂﬂﬂ:ﬁﬁ%%
YECHRM W FETA B BRI G Y S U IR ),
MRS T AT PN ) 8 S0 P B 5 DY B b A 146
DGR 5 € ) &4 17 45

T fE PO, ¢) BIBKRAE M BEAE 0 = 0 FRfilL,
MR D7 B (14a), K Z AL opw (ke by, p)|TE ke =
ky = O KAE, FHARYE AR (9), R Bl By (r;
kz.0,ky.0,p0) - DITE koo = kyo = OJUIL KfE . P,
R R IE A BT A (B a0 = kyo = 0)
WA, Bt RS o, & 99K S 7 iR K

(I—IKHE,H:%%?&) it K& k& 4 SLR, BT
| Ba (75 ka0, ky,0,po) - PIBUHRAA. IR B HLAT
iR 7% (Fourier modal method, FMM):49, [
AFFHEWE N =1 pm. HFREEINFE vy F i
W EAT 900l AN AR, PR I TE AP T U8 L 3
z, y 7 ARIR AT DX, T A AT T F
W 2 5T i,

K 3(a) 25t T 0 BV MBS R(SE4R)
¥R T Fp = |E)/| By (M 28) b 14 51 & 3]
a AL, AR RZNK D. X5 B, Hh
NS B RE, B, TR (9) 4 b Ea(r;
k0, ky0,00) - D Hr ik, 0 = kyo =0, pg X 2 7
M. XEWRp=2, r, = (2, v, 2,) = (D/2
10 nm, 0, h/2) (53 5 A D 1) R b e I 1) i 41
[ B A L SR B AR AR ), 15 [ Ea(rs; kao,
ky.0,p0) - DIBCEREE. BARFRIR S O (i T4 3L)R
F AR TR T I R AL E (An1AT 1(c) BT
IR GEREW, Y o B —FEN (20 agpr),
R Bt/ IMEL, [RI) F BURORME, it %2 SLRI2950.
40, 2% D = 200 nm B}, ag p = 989 nm. & 3(b1)
FIFE 3(b2) 705l s 1 sl T RO y = 0, 2 =
h/2 L|E,|/| By |W53AT, B WLARKIA]R A FL 370 5k
MR, I H EIR SR E e, A F | B BRI .

R T IESEXS F UL BRI R S5, feis st
BP0, ¢) WM KAEHBAE 0 = 0(RD ky = &y = 0)
BT, BIAE 0 = 0 BiF S B 7 5 n dR 5, T ke
K H 5 e Bk O i (9). R (14), R FM

MUSSOTFAT), THE LR GR RN+ P60, ¢).
THEREGN K D = 200 nm. THEZ5RA0A 4(al)—
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D =210 nm ]

-

D =200 nm ]

D =180 nm ]

-~ o

Fg

D =150 nm |

Reflectance
-
o
[e=]

D =120 nm :

3 (a) NPoM K& Ja W1/ 5 19 0 28 T i S 5 % R(Z2
B, SELR). WG IR N T Fp(fidh, ML) BEFE S A o 8
A 2R, A [R]85 AN [F] ) R RSE Dy (b1), (b2) y =
0l 2z = h/2 W0 L M35 | B850 A5 (A S5 18 9% H 3
| Eoo fE T H—14k), XFRL D = 200 nm, a = agz=989 nm

Fig. 3. (a) Reflectance R (left axis, solid curves) of the
zeroth-order plane wave and electric-field enhancement
factor Fp (right axis, dashed curves) plotted as functions of
the antenna array period a, where different colors corres-
pond to different antenna sizes D; (b1), (b2) distributions of
|E.] (normalized by the electric field |Ei,.| of the incident
plane wave) on the cross-sections y = 0 and z = h/2 for D =

200 nm and a = ag g = 989 nm.

l 4(a6) s, HUSHRFEFEIA o = 600, 700, 800,
900, 989, 1100 nm. 5558, 24 a = ag 3 = 989 nm
i, P(6, ¢) 75 0 = 0 FHT s BU R AR, ST SCHS
WU —3 JF H, w5 m B sR 1 P(6, ¢)
1E 0 = 0 B KAE A F] 2756, HEUEZ KT 1,
FEUZ R LR R 5 HL A R G 19 A 1) 4 5 R S s o
HsmPERE. VESAXT L, B, SR A SR B4
JE& AR EREEF) 41 A5 5 30 4 i S i e i R
T (8 SR . To4 JE 9 KBRS 1) S S ik
Z ) 1E 0 = 0 BHITs 2124 1000; RAGKEEIZ
EA TR S M A B R G AR PO, 1A

)38 7y S o B MG 5 R (8 SCAAT L TC A 4
HZE R SR Z L) 7E 0 = 0 B ik 3] 527.
BEAN, B4 S5 PO, o) BIMRAE H BLLE
FiFl5H (Rayleigh anomaly, RA) BT, #6504 (4351
(kpo —m2mn/a)* + (ky o — n2n/b)* = (kona)?, (19)
Hrpn, =1 KR4 B AR B E (2R) 94
SR ky RIS PR, Ko, ko SR SR
ST BRI @,y S E a, bR 2, y TR
FEB JE) (AR S @ = b), m, n REEEL, XF 0
H oy [} T (R @, y o -k, —k,0)
AT, @,y 5 S [ R S 5P T . 4 7
(19) fRATT#E (8), nI51E RA ¥, K, = 0, HI
XA m, n PR ST AR oy P T AL,
X2 FIAE RA AL HE, FYOVTH B S 277 R
A5 (W 4(b1) F R 4(b2) FF s, 4 B TE,
TM i), FR T3 L6 [f7 P A& 45 19 S 569 T 1T il 9k
55 SLR YR PO FA7E SCHK, ik, SLR fi
T RA BT 25451, 7E RA B & A4 SLR i, b e
(9) A v 1A 38l ) o VAT P S RO R, Al
R (9) ZEdmdh i PO, ¢) B K AE. 721 4
XN (Koo, kyo) “FHEI, RA R (19) [ —A
(InEl 4(c) FiR). e 8BRS JE] a, b B (B o =
b), ZIRRIAL kyn, ANE, BLOLE (m2n/ a, n2m/b)
KA, i3 RA f &AL, fHAHL, P(6, ¢) B
WRAE L B A28 4k (A& 4(a) Frs). DL b4y
Mr i s 1 5.5 58 37 A8 53 Ay 3L O T R A
e D SRR ) T T U A A YT IR R Y
H Gy nE (V7R (9)), BIVAT 40 B 5 )
B RA F15 2 CBeRY SLROW N R (9) A, i
FE BRI P60, ¢) BUN RAB Y AL O I 5 72
(9) Zc ).

3.2 ETEIAKENAEEEERITE

BENAT T80 S RS T LA 26350 P A
BRHE T (r) = 8(r — vo)p. WLEIRA R F] S 5T %
AT LA IA N 7 Lo = —Relp- E(ry)]/2, Re| | &7
HUEHS, B(r) WA R . T, 4555
38 Do I 500 4 5 T PR, B 1, =
Tyt Lo 2o T S6STEIIES, I, 304 8 K
W RERE AL WA, Ty 35K Lo = #Aﬁ . Sda,
O A o R T B T, S 2
RESAIORT T4 Poynting 1k, » &R 1E A F45
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(al) a =600 nm

(ab) a =989 nm

(a2) a =700 nm (a3) a =800 nm
i : L

(a4) a =900 nm
N 3000

250 350 2000 3000

60° g

(bl) a =989 nm

(a6) a=1100 nm
s 1000

Bl 4 (al)—(a6) NPoM KL S FE 51 o aci v Ui 5 ) 328 7 48 550 568 12 £ 50 A1 PO, ), HRUXT R I 571 Ji 38 @ = 600, 700, 800, 900,
989, 1100 nm. HHIERLILK D = 200 nm, FFHEK A = 1 pm. BERUBRH 207 BRAR, O T KRR E BN 7, = (D/2-10 nm, 0,
h/2) fi'E; (b1)—(b2) TE, TM fi#k % F-F M S % R(6, ¢), X NFEF I a = agpr = 989 nm. B P EIEALE 1-R(6, ¢) HI%L
{8, 0, ¢ 5914 ABEB I (Ko, kyor —hooo) = kona(sindeoss, sindsing, —cosd) HIHE F . I G fi. P () A1 (b) o G5 T304
B, P10 fE e AR 0., 70 ¢ OB (¢) a = agp P RA BOGLE, thJ7 R (19) 2t (BRI T (m, n) B9RLAH)

Fig. 4. (al)—(a6) Far-field radiation-intensity angular distributions P(6, ¢) of an electric-current point source in the periodic NPoM
antenna array with a period a = 600, 700, 800, 900, 989, and 1100 nm, respectively. The side length D of the antenna is 200 nm and
the radiation wavelength X is 1 um. The point source is polarized along the z direction and located at r, = (D/2-10 nm, 0, h/2) in
the nanogap. (bl), (b2) Reflectance R(6, ¢) of the zeroth-order plane wave under TE and TM polarizations, respectively, which is
obtained for array period a = agr g = 989 nm. The 6 and ¢ are respectively the polar angle and azimuth angle of the incident plane-
wave wave vector (kyo, ko, —k.00) = kyng(sinfcose, sinfsing, —cosd). The color in Figure (b1) and Figure (b2) represents the value

of 1-R(0, ¢). Several typical values of @ and ¢ respectively at the black circles and white dashed lines in Figure (a) and Figure (b)

are shown. (c) Positions of RA for a = agy given by Eq. (19) [with the values of (m, n) being marked].

(T SS 3 o o . X T A SO 5 FEL
B, g T2 N Taa = //+°° 5.5 drdy, H
12— 2 KL IR I 514 s A
SEAST (A1 1(c) BR). W T 22 0E T2 %t 1 I
1 BRI AR, 5 S ] A % e
F Yoot = Lot/ vae FIEIZHR ST HORIE R T Y, 00 =
Toi/ Toaer Fo ™ Tvae = Mvacknvac/ (12m) Jg EL 25 45,
YA B RARSTRR . R v, ARG R
S fir, DT 28 40K T8 V2
BT YR BT e A 52 4K O 19
8 SN, SORIRRETE LT HOR R A BT 2152,
HFTEREIE AN = Yraa/ (g — 1+ Yor), HeHimo €
(0, 1) FRAE 05 SR 1 AT BT 7. 4 o Bk
I (o = 1, BIGTAT U065 SO 40 T 59 T
RIS ST ), A0 A va o, AR
LRI 724 BARHE (o << 1, BILIELT
S YRR T 59 BE D), 40 ~ novma, B 7 F
T e 5230 1, AT LT 24 ) R S 7 L
T, LT 6T 2
G, A9 5] 7, 5% T OGIR E IF W B

1="a/ (M5 " — 1+ o), IR AOEIRE, 155
[57)

X FA SCH Y NPoM K2R R 451, F 1
B2 LR Iy, Tag BITFAEZER. THRRH ASM,
HPAT R COMSOL Multiphysics @Mk (A
ARTTHE ). SR8, fIIRLT REFES) 90K
BN r, = (D/2-10 nm, 0, h/2) AL &, #Y 2 [
Pk, BURZHK D =200 nm, I E o= b =
asir = 989 nm.

XA (16) fdm ARy, AT LR A

Hh R R AR A3 B3I (G TR R 5k D' o 49
PRAL),

Vrad

P Q
Jr)=—2 SO ST TR ke byg) Aks ARy, (20)

HHAk, = 2n/(aP), Ak, = 2r/(bQ) FRAE X [H] 5
JE, P, Q ARAEXIEEL,
1

[ (p - §>Akm,

by = /bt (4 - %)Aky. (21)
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y‘]%ﬁ)ﬁﬂé*{ﬁ, ﬁEP p = 17 27 ) Pa q= 17 27 Ty
Q. ST (20) XpR, JrAE (18) FKikh

E(r)= @

ab P o
5 Y Y EX(rikap, kyg) Ay Aky,
m) p=1g=1
(22)
E=(7; kyp, ko) FIEFV SRFES) T= (75 Ky Ky )
B Y 3, HO AR | COMSOL Multiphysics
BAFAT. R AR (22), BP]45 3] K251
AR J(r) B E(r).
KA EiR ASM 7k, IR B A X
FE ST R IGR R F o, = 1097, 3748 5 1 R 3 5
P F Yyaq = 55.50, THEHL P = Q = 40X W A i
J GRS ECH Sy PQ = 1600). X T Vg =
Fad/ Tyae TR, T = //+OO 2+ S| =z, drdy £
2= 2 I (R 2= h+ D+ 100 nm) FBUMX
#H-N,a/2 < z <N,a/2, -N,b/2 < y < N,b/2,
Fply o,y mABEICN N, = N, = 21. £ 14
H T RN RFE S5 P = Qi ASMITHEAS

K1 RAARBRMESE P = Qnf, ASM 5
FFFIAY Vyor F Vraa
Table 1. 7 and 7,,q obtained with the ASM for

various number P = @ of sampling points.

P=qQ 10 20 40 80

Vtot 1095.66 1098.05 1097.47 1098.23
Trad 415.31 54.04 55.50 55.81

(rik,y k) VA 0BG E*(rik,,, k,,) W35,
COMSOL Multiphysics FAAFFERT LR ¢, = 244 s
(Intel Xeon E5-2690 v2 CPU, £/ 3.0 GHz, N
f7 512 GB). HIL, P, Q A, W)LY F 3 e i) ik
K (210 PQty). FIHERN T y = 0 DL KL
FIKT y = OXAK, W1t E*(rik,,, k,,) 5 E”
(riksy k) KTy = 00 R REBARXFR, T
TETT AR E] B* (rik,,, k) J5, W LA EL4E44 5] E=
(Pikspy k) Lk, =k, 0 41), HILREBE T
PRI ] (T TR RIZ PQt/2).
M EE ik, ASM 2% B B4 SRR 43 TG

e ST ANAMLEIRHEAR (1 (16). 31T
Y Ytot Vrads (" = = S , He v 3 A Y AN =]

o N N . X S RS R S i s T, U T v e S
WAEILSIE I b, Sk, ST T

AR Y, = 52.37, 5 ASM 11545 5450,

MEAE T3 E 25 A ERTE. X T H 5 E Bk

‘H‘%: Vrad = Frad/Fvam ﬁf‘ﬁﬂﬁﬁﬁﬁi (9) ﬂE[] (14) -H‘

BARE] S(r, 0, ¢), SRIGIEILI BRI [ (4% >
6o 2n

A) TG D =/ de/ dg|S(r, 0, ¢)|r? sind
0 0

(EEBR A r o, B0, = 89°), RN 153

Frad‘

FEFFEE I R) 7 T8, X T B4 Rl s IR 5] =
|

T RS (SR, T T b SR A 2 A1 A 4K
TR 0. M (16) 4w FR o AR B E AR
gy (72 (20)) B, A0 rfr o JE A 2 A0 s R RE 12
HEIE A 0 3 BN B2 TERR K, AR AT FRK; IF
H P, QR {0 F i Je il i 2 AN £ UR RE B HETH
0 BB ETEROR. Sy 1 HAKRRE [iRS5Ie, TR (15)
HAMIEL (u, &, T) = (2 24 Ky @) 1 (y— vy, Ky D),
G

n/a [e%S) [eS)
a .
0z —x5) = g /_n/a LL:Z_OO exp(ikyma)d(z — x5 — ma)] dk, = m;w Apd(z — s —ma), (23a)
b /b o0 . 0o
0y —us) = 5 / o | 2o eplikynb)oly =gy —nb)| dky = 3 Badly =y, —nb), (23b)
Horp
n/a
A, = o o exp(ik,ma)dk,, (24a)
b n/b
B, =— exp(ikynb)dk,. (24b)
2n —n/b
oA RE (23) M1
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5( )P ab /n/a /n/b
r—r)p=——>=
2n)* J-aja s

Horp 5(T - Ts) = 6(1’7 :L’s)(S(y - ys)é(z - Zs)? 6(’1" -

m=—o0 Nn=—0o0

i i AmBn(S(T - Tm,ﬂ)]i

m=—00 N=—00

P Z Z O(r — Tmn) expli(kgma + kynb))

}dk:w dk,

(25)

Ton) = 8(z — 2, ma)o(y — y, — nb)8(z — ). WIR, Tk

(25) H— DA R Tr AR (16), HA S OR8> s IR0 i 2 655 22 AU A 0 R BB i . 7 A
(25) 36 AR S IA T I R IR B AR A . BRI, 2R ™ i R (24) AR

5y, A

Q
b .
B, = o qul exp(ik, 4nb)Ak, = { (()

1

Am:{
0,

, for m =0,
for m # 0,

{1, for n =0,
B, =
0, for n#0.

Jite (26) RDZR Y T ATIASSIE: XTI R 8 v A0 5 i s IR, RO T rh e SRR SR W mo= n
= 0) BN AU, AT A SR A 2Z S G REHIRTE 0 0. IR TR (25) 28— A S R I N ER
EAY, BIEA 7R (20), WIAHR M, 57 (24) Adm B N BUERUY,

)

(b)

[
[
A m

(d)

P
Am

—60

—40 —20 0 20 40 60

m

P
_ a : _ (_1)M(P_1)7
A, = o ;exp(lkz,pma)Akm = { 0,

—1)N@-1)

for m=MP =0,+P,£2P,--- ,

else,

for n=NQ =0,+Q,+2Q, -,

else,

—60 —40 —20 O 20 40 60
m

—60 —40 —20 O 20 40 60

m

(26a)

(26b)

(27a)

(27b)

5 JifE (27a) A A, (BRI (a)—(d) KIHE P=10, 15, 20, 25. PIZ&R HLLOBL TR TR b, £ T
e JEIH Z A S IR HKTE R 0 YE - (P-1) < m < P-1
Fig. 5. The A,, given by Eq. (27a) (blue circles): (a)—-(d) For P = 10, 15, 20, 25, respectively. The two vertical red-dashed lines show

the range —(P-1) < m < P-1, where the point sources contained in the pseudoperiodic point-source arrays and out of the central

period cancel to be null.
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lg(| Eal/Tvac)

1g(1Eyl/ Tvac) 1g(1E=|/Tvac)

x x T

1g(| Ex|/ Tvac) lg(lEy‘/Fvac) 1g(|E-|/Tvac)

B 6 sl R REES R IR (—0/2 < 2 < /2, -b/2 < y < b/2) WEHNSTE (FH Do BT H—40). 855K H
ASM HEEE], T2k 2 ¥05 1 A(a5) MR (a), (b) XA BFTAERRTE y = 0, 2 = h/2. NAEFIA 9 B8 TR E), B, |E).
FOEL R 1 A AL S

Fig. 6. Distributions of electric field (normalized by I3,.) in the central period (—a/2 < z < a/2, —b/2 < y < b/2) of the antenna
array radiated by a point source. The results are calculated by the ASM with the same antenna parameters as those in Fig. 4(a5):

(a), (b) The field distributions on the cross sections y = 0 and z = h/2 where the point is located. The electric field components

|E,|, |E,| and |E,| are displayed from left to right. The white dashed lines show the interface positions.

oI A LE B SR AT 538 — AN 455 A i i oK
i, BIRIAS 35 A5 ARk, M, N =0,
+1, £2, ... T (27a) A A, W0 5 Bis. 5
B2 (27) BIZA T RTIREE IS 24 0% J8 309 o5 U R 51) 4
fiff 30T AL 235 R AE AR A3 (20) I, AR RS oA T
Hh L SR 2 AN SR O (1 — )P RERSHEIE 7 0 114
WHEZE AR, BI-(P-1) < m < P-1(10El 5
HFIREAEELIUR), (Q-1) < n< Q1,7 FH
P, QR MR, R SCHER [33] th R (47)
JE R T AR SRHGIE A 0 A, (R A
PR FIR R (27). B3RS IR 0 AV
B, X TR Veaq = Traa/ Toae FIVHEE, T HOBRSY
X IR 2, y AL N, N, B3 BCEDR R N,
< 2P, N,< 2 Q, PMRIEBU I/ ik I
IR 0 BYFE R

IR ENY Vi, Vena IR T 1, RIIZ
RELES REfE A 500G 58 F R RS 3. AT L,
Bihn, SRAA GaAs VAR SHIERAOREREES] 1),

HHEAR Y, WTLIAF] 80; R AHBERLIE F 4ok
[ A3 B 371) 181, 313375 31 0 IB BN 29 300, Vg 5
24 200(3X HL Vo0 B Vpaq B SCHA | TOA K BT [
G A & R S R U R A R 2 L) SR
RS AEFLIES SR A iR AR BT A et 2 B9,
TR v, IBFNZ 70.

IEAh, K 6 SR T IR S AT R 2R G5
PR (—a/2 < 2 < a/2,-b/2 < y < b/2) Wl
WA (F Ty fE T IH—4k), 255 R A ASM it
AR, K 6(a) FE 6(b) 43 AT R o5 5 I 1 A
y=0, z= h/2(F EH THREAIXSFRE, £y =
0 # I E, = 0). &1 6(a3) &l 6(b3) &M, 7ER
2R K TR N A TR R, B o BT
58, MG Lo = —Re[p- E(r)]/2, XRH T EAKX
FROTHRE T WU, T840 1, X Bk v, Y
WY AR R, HAERH ASM, ANRERHE 5
By rpv
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Abstract

Optical nanoantennas support surface plasmon polariton (SPP) with a confinement of light breaking
through the diffraction limit, and thereby achieving an enhancement and regulation of electromagnetic field on
a deep-subwavelength scale. In this paper, a periodic array of optical nanoantennas on a metallic mirror is
proposed, where the antennas are gold nanocubes forming a two-dimensional periodic array, and a single point
emission source is located in the nanogap between the antenna of gold nanocube and the gold mirror. The
nanogap between the antenna and mirror can support gap surface plasmon, which results in an enhanced
spontaneous emission rate. Meanwhile, the periodic array of nanoantennas can support the surface lattice
resonance (SLR), which can achieve directional far-field radiation perpendicular to the substrate or in a
specified direction by properly designing the array period. To design the antenna that can simultaneously
achieve an enhancement of spontaneous emission rate and a directional radiation of far field, the calculation of
the radiation field of a single point source in a periodic structure is transformed into the calculation of the
radiation fields of a set of pseudoperiodic point-source arrays by combining the array scanning method (ASM)
and full-wave rigorous numerical method, thus giving the spontaneous emission rate of the emitter and the
near-field distribution of the antenna. Concerning the calculation of the angular distribution of far-field
radiation intensity, we start from the Maxwell’s equations and provide a rigorous formulation and proof of the
reciprocity-theorem method. This proof is different from those reported in existing literature and has a more
rigorous applicability for infinite-extent periodic structures or has a lower amount of computational work. Based
on the reciprocity-theorem method, the antenna parameters are designed so that the enhancement factor of far-
field radiation intensity reaches a maximum value of 2756 in the direction perpendicular to the substrate, and
simultaneously, the enhancement factors of total spontaneous emission rate and far-field spontaneous emission
rate of the point source reach 1097 and 55.50, respectively. The proposed antenna has a simple structure that is
easy to design and fabricate, and the proposed design method is intuitive and easy to implement, which can be
used to guide the design of high-speed, high-brightness and directional-radiation light sources.

Keywords: optical nanoantenna arrays on a metallic mirror, spontaneous-emission enhancement, far-field

directional radiation, reciprocity theorem
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