CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Brightening single-photon emitters by combining an ultrathin metallic antenna and a

silicon quasi-BIC antenna

Shangtong Jia( 74 I¥fiE), Zhi Li(Z=%Y), and Jianjun Chen([%: &2 %)
Citation:Chin. Phys. B, 2022, 31 (1): 014209. DOI: 10.1088/1674-1056/ac248c
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Controlling the light wavefront through a scattering medium based on direct digital

frequency synthesis technology

Yuan Yuan(E[d), Min-Yuan Sun(#MFEZ), Yong Bi(tE5), Wei-Nan Gao(= i 53), Shuo Zhang(3Kkfil), and
Wen-Ping Zhang (5K 3 1)
Chin. Phys. B, 2021, 30 (1): 014209. DOI: 10.1088/1674-1056/abb665

Near 100% spectral-purity photons from reconfigurable micro-rings

Pingyu Zhu(A<#F167), Yingwen Liu(Xl| ), Chao Wu(=iH), Shichuan Xue(E%#F)1]), Xinyao Yu(T-Z2EE), Qilin
Zheng(#B55#K), Yang Wang(F. ), Xiaogang Qiang(5EENI), Junjie Wu(=127), and Ping Xu(15:°F)
Chin. Phys. B, 2020, 29 (11): 114201. DOI: 10.1088/1674-1056/abbb28

The 2-pm to 6-um mid-infrared supercontinuum generation in cascaded ZBLAN and

As,Se, step-index fibers

Jinmei Yao(#k4:1k), Bin Zhang(7KXit), Ke Yin(f%F}), Jing Hou ({5 )
Chin. Phys. B, 2019, 28 (8): 084209. DOI: 10.1088/1674-1056/28/8/084209

Ghost imaging based on Pearson correlation coefficients

Yu Wen-Kai, Yao Xu-Ri, Liu Xue-Feng, Li Long-Zhen, Zhai Guang-Jie
Chin. Phys. B, 2015, 24 (5): 054203. DOI: 10.1088/1674-1056/24/5/054203

A novel method of evaluating large mode area fiber design by brightness factor

Zhang Hai-Tao, Chen Dan, Ren Hai-Cui, Yan Ping, Gong Ma-Li
Chin. Phys. B, 2015, 24 (2): 024207. DOI: 10.1088/1674-1056/24/2/024207


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac248c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac248c
https://doi.org/10.1088/1674-1056/ac248c
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb665
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb665
https://doi.org/10.1088/1674-1056/abb665
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbb28
https://doi.org/10.1088/1674-1056/abbb28
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/8/084209
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/8/084209
https://doi.org/10.1088/1674-1056/28/8/084209
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/5/054203
https://doi.org/10.1088/1674-1056/24/5/054203
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/2/024207
https://doi.org/10.1088/1674-1056/24/2/024207

Chin. Phys. B 31, 014209 (2022)

Brightening single-photon emitters by combining an ultrathin
metallic antenna and a silicon quasi-BIC antenna

Shangtong Jia(%i ¥H#)!, Zhi Li(Z=E)"", and Jianjun Chen([% & %) 2:345:%

UState Key Laboratory for Mesoscopic Physics, School of Physics, Peking University, Beijing 100871, China
2Departmf:nt of Physics and Applied Optics Beijing Area Major Laboratory, Beijing Normal University, Beijing 100875, China
3 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China

4'Frontiers Science Center for Nano-optoelectronics & Collaborative Innovation Center of Quantum Matter, Peking University, Beijing 100871, China

S Peking University Yangtze Delta Institute of Optoelectronics, Nantong 226010, China
(Received 14 July 2021; revised manuscript received 27 August 2021; accepted manuscript online 8 September 2021)

Bright single-photon emitters (SPEs) are fundamental components in many quantum applications. However, it is
difficult to simultaneously get large Purcell enhancements and quantum yields in metallic nanostructures because of the
huge losses in the metallic nanostructures. Herein, we propose to combine an ultrathin metallic bowtie antenna with a
silicon antenna above a metallic substrate to simultaneously get large Purcell enhancements, quantum yields, and collection
efficiencies. As a result, the brightness of SPEs in the hybrid nanostructure is greatly increased. Due to the deep subwave-
length field confinement (mode size < 10 nm) of surface plasmons in the ultrathin metallic film (thickness < 4 nm), the
Purcell enhancement of the metallic bowtie antenna improves by more than 25 times when the metal thickness decreases
from 20 nm to 2 nm. In the hybrid nanostructures by combining an ultrathin metallic bowtie antenna with a silicon antenna,
the Purcell enhancement (Fp~ 2.6 x 10°) in the hybrid nanostructures is 63 times greater than those (< 4.1 x 10%) in the
previous metallic and hybrid nanostructures. Because of the reduced ratio of electromagnetic fields in the ultrathin metallic
bowtie antenna when the high-index silicon antenna is under the quasi-BIC state, a high quantum yield (QY ~ 0.70) is
obtained. Moreover, the good radiation directivity of the quasi-BIC (bound state in the continuum) mode of the silicon
antenna and the reflection of the metallic substrate result in a high collection efficiency (CE~ 0.71). Consequently, the
overall enhancement factor of brightness of a SPE in the hybrid nanostructure is EF* &~ Fp x QY x CE ~ 1.3 x 10°, which
is 5.6 x 102 times greater than those (EF* < 2.2 x 103) in the previous metallic and hybrid nanostructures.

Keywords: single-photon emitters, brightness, hybrid nanostructures, ultrathin metallic antenna, quasi-bound

state in the continuum (BIC)
PACS: 42.50.—p, 42.60.Da, 73.20.Mf

1. Introduction

Single-photon emitters (SPEs) are the fundamental
components in many quantum applications,!'! such as
quantum key distributions,>?! quantum circuits,*>! boson
sampling,!®” and quantum precision measurement.!®! For
most quantum applications, a high brightness of SPEs with
sufficient emission photons is essential.!!” By enlarging Pur-
cell enhancements (Purcell factor Fp) as well as increasing
quantum yields (QY) and collection efficiencies (CE) of SPEs,

9131 Tn the past

the brightness of SPEs could be increased.!
decades, enormous efforts were made to increase the bright-
ness of SPEs.

waveguides!!4! or dielectric nanoparticles,'>! the Purcell fac-

For example, by designing dielectric slot

tors were approximately Fp = 300.01"*! and Fp = 62.0,[1>] re-
spectively. By employing metallic bowtie antennas,!6! dimer
antennas,!'”! plasmonic nano-focusing cavities,!'®! and a plas-
monic waveguide-slit structure,[!”) the Purcell factors were
predicted to be from 1.5 x 10% to 1.7 x 10°[*] due to sub-
wavelength field confinements of surface plasmons (SPs).
However, the quantum yields in metallic nanostructures are
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usual very small (< 0.2)['1 because of the huge losses of
metals. On the contrary, the quantum yields in the dielec-
tric structures were easier to achieve a high quantum yield
(> 0.66).21221 In terms of collection efficiencies, parabolic
antennas, %! Yagi—Uda antennas,?*! bull’s eye antennas, [2>-6]
and band structures!?’! were designed to control the radia-
tive direction, and the collection efficiencies were predicted to
be 0.6 [numerical aperture (NA)=0.5],1?31 0.84 (NA=0.5),[>4]
0.95 (NA=1.2),[25261 and 0.99 (NA=1.2),?7] respectively.
Recently, many metallic nanostructures were designed to
enlarge both of Purcell enhancements and quantum yields of
SPEs. [1028.29] For example, by designing a metallic nanorod
and a metallic film (with a dielectric gap of g4 = 5 nm),
Fp~ 3.0 x 10 and QY ~ 0.30 were numerically predicted. ?®!
By using a metallic torus antenna placed on a metallic film
with a dielectric gap (gq = 5 nm), Fp ~ 1.2 x 10* and QY =~
0.30 were numerically predicted.l'”! By utilizing a metallic
nanorod-nanorod structure (gqg = 10 nm), Fp ~ 4.1 x 10* and
QY ~ 0.32 were numerically predicted.!*”! In these metallic
structures, 1928291 the Purcell factors were enhanced by the SP
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gap modes, which had tiny mode volumes and huge local den-
sity of states, in metal-insulator—metal (MIM) structures.?"]
The quantum yields were increased by the nanorods or
tori,[19-28:291 which scattered the energy from the MIM struc-
tures and thus reduced the losses in metals.!!28:2%] However,
the quantum yields of the above structures were still small
QYL 0.32).[10’28’29] Therefore, in metallic nanostructures, it
was still a huge challenge to increase both of Purcell enhance-
ments and quantum yields of SPEs simultaneously. Moreover,
the radiation fields of SPEs almost spread along the surface of
metals or diverged in the far field with a large angle, and these
works did not consider the collection efficiencies. 1%-8-2]

To increase all of Purcell enhancements, quantum yields,
and collection efficiencies of SPEs, hybrid dielectric—metal

30-331 These hybrid dielectric—-metal

structures were proposed. !
nanostructures combine the advantages of both dielectric
nanostructures (high quantum yields) and metallic nanostruc-
tures (high Purcell enhancements). For example, by putting
a silicon nano-patch on a metallic nanoparticle-on-mirror
(NPOM) structure (gq = 30 nm), Fp ~ 1.5 x 102, QY ~ 0.75,
and CE~ 0.99 were numerically predicted;*”) By combin-
ing a metallic bowtie antenna with silicon Yagi-Uda anten-
nas, Fp ~ 1.8 x 103, QY ~ 0.60, and CE= 0.95 were numer-
ically predicted;*!! By combining a gold nanorod with a sil-
icon nano-disk (gq = 5 nm), Fp ~ 1.4 x 10*, QY ~ 0.70, and
CE~ 0.90 were numerically predicted.?? Lately, a silicon
cylinder was placed on a metallic film (gq = 2 nm, #,, = o), 33
Fp~ 5.0 x 103, QY ~ 0.75, and CE~ 0.60 were numerically
predicted.**! In the above works,?%-33] the Purcell enhance-
ment was enlarged by the subwavelength field confinements
of the NPOM structures, 3% bowtie antennas,*!! nanorods, 32!
and the metallic film.[33! The quantum yields (QY > 0.60)
were increased by high-index silicon antennas because the ra-
tio of electromagnetic fields in metals became smaller.[?%-33]
The collection efficiencies were increased by the resonant
modes of silicon antennas,?*-33] whose divergence angles of
emission light were smaller than 30°.

To evaluate the total effects of three factors on brightness
of SPEs in nanostructures, an enhancement factor (EF*) is de-
fined by

EF* = Fp x QY x CE. (1

The largest EF* in the above nanostructures3%-331 is EF* ~
2.2 x 103.5331 Due to the large mode size (~ 1) of surface plas-
mon polaritons on the bulky metals, the Purcell enhancement
of the bulky bowtie antenna mainly depends on the gap size
of the bowtie antenna.!'® What’s worse, the Purcell enhance-
ments (Fp< 5.0 x 10%) of these hybrid nanostructures2%-33
are much smaller than those (Fp< 4.1 x 10%) of metallic
nanostructures!'®?%291 because the silicon antennas of the
above hybrid nanostructures make the SPP field confinements

poorer. Hence, quantum yields of hybrid nanostructures2%-331

increased at the huge expense of Purcell enhancements. It is
still a big challenge to realize a much larger EF* in hybrid
nanostructures to significantly brighten SPEs.

2. Proposal and simulation

In this paper, we propose to combine an ultrathin metallic
bowtie antenna with a silicon antenna (Fig. 1) to greatly en-
hance the brightness of SPEs. The ultrathin metallic bowtie
antenna is placed above a metallic film with a gap, and its de-
tail is shown in the inset of Fig. 1. The rectangular coordinate
system is also given by the inset. The xy plane is on the middle
surface of the ultrathin metallic bowtie antenna with the x-axis
parallel to the bowtie antenna’s symmetry axis and the z-axis
passing through the center of the gap. The origin of coordi-
nates O is located at the center of the bowtie antenna.

MgFs

Ag
(reflective element)

Fig. 1. Schematic of the overall hybrid structure. The structure is
formed by three components: an ultrathin metallic bowtie antenna (Ag),
adielectric antenna (Si), and a thick metallic substrate (Ag). Inset shows
the detail of the ultrathin metallic bowtie antenna. The rectangular co-
ordinate system is added in the inset.

The ultrathin metallic bowtie antenna (with a thickness of
fAg) is used to obtain a high Purcell enhancement due to its tiny
mode volume of the resonant SPP mode. Herein, we choose
an ultrathin bowtie antenna rather than a bulky one to improve
the Purcell enhancement. The ultrathin metal film (< 10 nm)
supports an asymmetric SPP mode with deep-subwavelength
field confinements (mode size ~ A/100).[1%33] As a result,
the Purcell enhancement of our nanostructure is predicted to
be approximately two orders of magnitude greater than those
based on bulky one.!!%33 The high-index silicon antenna un-
der a quasi-BIC resonant state is used to obtain a high quantum
yield by extracting the radiation field from the metallic bowtie
antenna. Moreover, the silicon antenna shows small influence
on the Purcell enhancement (only being decreased by 38%).

Due to the improvement of the radiation directivity by
the quasi-BIC resonant mode and the constructive interfer-
ence between the upward radiation and downward radiation re-
flected by the metallic film, the collection efficiency is also in-
creased. As a result, the Purcell enhancement, quantum yield,
and collection efficiency are predicted to be Fp ~ 2.6 x 10°,
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QY ~0.70, and CE~ 0.71, respectively. The Purcell enhance-
ment (Fp ~ 2.6 x 10%) in the proposed hybrid nanostructures
is 63 times greater than those (< 4.1 X 10%) in the previous

(10,28-33] Consequently, the

metallic and hybrid nanostructures.
enhancement factor of a SPE is calculated as EF* = 1.3 x 10°,
which is 5.6 x 107 times greater than those (EF* < 2.2 x 10%)
in the previous metallic and hybrid structures. [10-28-331

To understand the underlying physics in the hybrid struc-
ture, we first study the antisymmetric SPP mode supported in
the ultrathin metallic film by the finite element method solver
of COMSOL Multiphysics (mode analysis and frequency do-
mains). The effective refractive index (ne¢) and mode size of
the antisymmetric SPP mode versus the thickness of silver film
fag are shown in Fig. 2(a). Herein, the metallic film is set as
silver, and it is placed on an MgF, (nmgr, = 1.38) substrate.

The vacuum wavelength is 780 nm.?*! The medium above the

silver film is set as air (n,;,; = 1). The permittivity of silver
is €ag = —29.4 +0.36i.13% The mode size is obtained by a
similar method from Ref. [35] by

S(w) = M 2)
max[W (7, ®)]
With decreasing tag, nefr increases and the mode size shrinks
[Fig. 2(a)]. The reason is that the electromagnetic field of
the antisymmetric SPP mode is confined more tightly with de-
creasing tAg.[36] When 7o, = 2 nm, the electric field (E;) dis-
tribution of an antisymmetric SPP mode is shown in Fig. 2(b).
The electromagnetic field is tightly confined on the silver film.
When 7ag < 4 nm, the mode sizes are smaller than 1 nm
[Fig. 2(a)], which is far smaller than the incident wavelength

(A =780 nm).
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Fig. 2. The (a) ner and mode size of a silver film versus ag. (b) Electric field distribution of an antisymmetric SPP mode (ag = 2 nm) on the
surface of a silver film. (c) Fp of a dipole placed 5 nm above a silver film versus #ag. (d) Schematic of the ultrathin metallic bowtie antenna
placed on a MgF, substrate. The red arrow denotes the orientation of the dipole. Inset: Electric distribution (|E|) of the bowtie antenna in
xy plane. Blue arrows denote the polarization of the electric field in the gap. (e) Fp, QY and (f) CE of the dipole placed in the center of the

ultrathin metallic bowtie antenna versus fa.

Then, we calculate the Purcell enhancement of a dipole
placed 5 nm above an ultrathin silver film with different 75,
[Fig. 2(c)]. In simulation, a dipole is used as a SPE. The dipole

orients along the z-axis and its intrinsic quantum yield assumes
to be 1.11,10,28-33,37-41

pyl1028411

1 The Purcell enhancement is calculated

p — Jou _ Wou, )
% Wo

where 7y and W, are the total decay rate and the total power
of a dipole placed in a vacuum, respectively. Yot and Wiptal
are the total decay rate and the total power of a dipole placed
in a structure, respectively. Wi, can be obtained by conform-
ing the dipole in a 2 nm radius sphere and performing surface
integrals over the Poynting vector S on the sphere, and it is

calculated by!?8!

Wow = [[ SdA. @)

The Purcell enhancement shows a monotonous increase from
9.6 to 391.2 with decreasing 7sg from 20 nm to 2 nm in
Fig. 2(c). The reason is that the mode sizes of the asymmetric
SPP mode in the ultrathin metallic film become smaller when
tag decreases [Fig. 2(a)]. Fortunately, the ultrathin metal film
(tm from 1 nm to 10 nm) has been realized in experiments,[42]
so the choice of the 2-nm metal film is reasonable.

Next, we simulate an ultrathin metallic bowtie antenna
placed on an MgF, substrate [Fig. 2(d)]. The bowtie antenna
has a thickness of 7oz, a length of /, and a gap of g. In addi-
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tion, the antenna’s edge is curved for 2 nm, which can avoid
the tip bringing errors in the simulation. A plane wave, whose
polarization orients along the x-axis, vertically illuminates the
bowtie antenna (fag = 6 nm, / = 30 nm, and g = 2 nm). The
tiny gap of the bowtie antenna (g = 0.5 nm) has been realized
by electron-beam lithography in the previous work.[*3] The
electric field |E| distribution is shown by the inset in Fig. 2(d).
The electric field |E| confined tightly in the gap is larger than
that outside the gap. The electric field |E,| in the gap is 2700
times larger than that of the incident plane wave. The polariza-
tion of the electric field in the gap is along the x-axis (denoted
by the blue arrows), which verifies that the SPP mode of the
metallic bowtie antenna resonates along x-axis.

In the ultrathin metallic bowtie antenna with a dipole (ori-
enting along the x-axis) placed in the middle of the gap, the
Purcell enhancements, quantum yields, and collection efficien-

cies are simulated. The quantum yield is calculated by!!%-28:41]

QY = ®o_ W
Yeotal VVtotal’

where ¥ and W; are the radiated decay rate and radiated power

&)

of the dipole. W; can be obtained by conforming the bowtie an-
tenna in a 4 wm cube and performing surface integrals over the
Poynting vector S’ on the cube,?®! and it is calculated by

Wr://S'dA’. (6)

The collection efficiency is calculated by!!°]

We
CE=— 7
W, (N
where W, is the collection power obtained by enveloping a
plane at a distance from the dipole (satisfying NA = 0.5) and
performing surface integrals over the Poynting vector S” on

the plane,!'%! and it is calculated by!*!

W, = / S"dA". ®)

When 15, decreases, the Purcell enhancement and quantum
yield are shown in Fig. 2(e). The Purcell enhancement is
improved largely from 5.0 x 10 to 1.3 x 107 with decreas-
ing tag. The variation tendency stems from that the mode
size of the asymmetric SPP mode in the ultrathin metallic
film becomes smaller when 75, decreases [Fig. 2(a)]. Due to
the ultra-tight field confinements and enormous field enhance-
ments of the resonant SPP mode in the metallic bowtie antenna
[Fig. 2(d)], the Purcell enhancement is enlarged. The Purcell
enhancement (Fp> 4.2 x 10°) of the ultrathin bowtie antenna
(fag < 6 nm) is approximately two orders of magnitude larger
than those (Fp < 4.1 x 10*) of the previous metallic and hybrid

10,28-33

structures. ! I The quantum yield decreases rapidly (from

0.88 to 0.05) because losses in the metallic antenna increase

when the mode size of the SPP mode becomes smaller in the
thinner silver film [Fig. 2(a)]. The quantum yields (QY < 0.4)
of the ultrathin metallic bowtie antenna (fao; < 6 nm) are lower
than those (QY > 0.6) of previous hybrid structures. 333! Be-
sides, the collection efficiencies are very low [Fig. 2(f)] be-
cause the ultra-tight confinements by the ultrathin bowtie an-
tenna suppress the energies radiating to far field [Figs. 2(a)
and 2(b)]. The collection efficiency (CE~ 0.06) of the ul-
trathin metallic bowtie antenna (fa; < 6 nm) is an order of
magnitude lower than those (CE> 0.6) of previous hybrid
nanostructures.?°=331 A thickness of 74, = 6 nm is selected
based on the balance between Purcell enhancement and quan-
tum yield (Fp~ 4.2 x 10°, QY ~ 0.40, and CE~ 0.06).

Z

(b)

200 | —= With a thick metal film

160
120
80

140 180 220 260 300
r (nm)
|E|?

(d) :

Fig. 3. (a) Front view of a silicon antenna placed above a silver film. (b)
Optical quasi-BIC mode of an individual silicon cylinder in (a). The Q with
a thick metal film versus r. Here, 2 = 300 nm. (c) Electric field |E| distribu-
tions in the xz cross section (top) and xy cross section (bottom), respectively.
The black arrows in bottom denote the electric filed polarization. (d) The
3D far field intensity of the silicon antenna at the quasi-BIC state.

To increase the quantum yield and collection efficiency,
we propose to combine a high-index silicon (ns; = 3.5) an-
tenna to form a hybrid nanostructure, as shown in Fig. 3(a).
Noting that the silicon antenna is quite small so that we ignore
the absorption losses of silicon at A =780 nm. Moreover, a sil-
ver substrate is placed below the silicon antenna separated by
an MgF, spacer [with a thickness of fygr, = 250 nm], which
is used to reflect the downward radiation from the quasi-BIC
mode and forms constructive interference with the upward ra-
diation. The quality factor (Q) versus different radii () of the
silicon antenna is displayed in Fig. 3(b). When r = 215 nm,
the Q of the silicon antenna arrives at a maximum, revealing
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a quasi-BIC state. The definition, principle, and calculation
method of the quasi-BIC state can be found in Ref. [44]. In
this case, the electric field |E| distributions in the xz and xy
cross sections of the silicon antenna are shown in Fig. 3(c).
The electric vectors are denoted by black arrows in the bottom
of Fig. 3(c). As a result, the quasi-BIC mode radiates an az-
imuthally polarized light. The three-dimensional (3D) far field
intensity is shown in Fig. 3(d). The silicon antenna under the
quasi-BIC state radiates almost along the upper space, and the
divergence angle is approximately 30° [Fig. 3(d)], indicating
good radiation directivity.

At last, we insert the ultrathin metallic bowtie antenna be-
tween the silicon antenna and MgF, spacer. The orientation of
the dipole is the same as that in Fig. 2(d) [along the x-axis].
In addition, we separate the ultrathin metallic bowtie antenna
and the silicon antenna by a MgF, layer (with a thickness of
d = 2 nm), 3! as schematically shown in Figs. 4(a) and 4(b).
In the hybrid nanostructure, the silicon antenna can extract the
confined electromagnetic field from the metallic bowtie an-
tenna more easily due to its high refractive index. As a re-

—— 1 | . |
(d) sl —— CE
: —— EF* {1.2
0.6 11.0 ~
- g
10.8 —
10.6 Mm
0.2 lo.a
e () D
00 40 80 120 160 200

y (nm)

sult, the ratio of electromagnetic fields in the ultrathin metallic
bowtie antenna decreases, and the quantum yield increases.
We move the silicon antenna along the y-axis, and the sim-
ulated results are shown in Figs. 4(c) and 4(d). Herein, the
dipole is always placed in the middle of the gap. In Fig. 4(c),
the Purcell enhancements increase (decrease) monotonously
[from 1.4 x 10° (2.6 x 10°) to 2.8 x 10° (1.4 x 10°)] at the
range of y =20 nm—60 nm (160 nm—200 nm). And it changes
gently at the range of y = 60 nm-160 nm because the reso-
nant SPP mode of the metallic bowtie antenna overlaps with
the quasi-BIC mode of the silicon antenna at the range of
y = 60 nm-160 nm [Fig. 3(c)]. The quantum yields increase
(decrease) monotonously [from 0.40 (0.70) to 0.70 (0.40)] at
the range of y = 20 nm-110 nm (110 nm—200 nm). When the
ultrathin metallic antenna is located at y = 110 nm, the over-
lap between the metallic bowtie antenna and silicon antenna
reaches at the maximum. The quantum yield is QY ~ 0.70,

and the Purcell enhancement is Fp ~ 2.6 x 10°, which losses
38% from that (Fp ~ 4.2 x 10%) of the bare metallic bowtie
antenna.

0.75
—-—Fp
—— QY
M 1065
0.55 &
0.45
5

0.
40 80 120 160 200
y (nm)
| E|2
1

(d)

z

vl oz

0

Fig. 4. Schematic and characterization of the hybrid structure: (a) front view and (b) top view of the hybrid structure. The coordinate axes are
the same as those in Fig. 1. Inset shows the detail of the ultrathin metallic bowtie antenna. Orientation of the dipole is added in (a). In (b),
the moving direction of the silicon antenna is denoted by a white arrow. (¢) Fp, QY, (d) CE, and EF* of the dipole placed in a hybrid structure

versus y, (e) 3D far field intensity at y = 85 nm.

In Fig. 4(d), the collection efficiencies decrease slightly
from 0.8 to 0.6. The enhancement factor is also calculated,
as shown in Fig. 4(d). The enhancement factors increase (de-
crease) at the range of y = 20 nm—-85 nm (85 nm-200 nm).
The maximal enhancement factor (EF* =~ 1.3 x 10°) is ob-
tained at y = 85 nm, and the 3D far field intensity is displayed
in Fig. 4(e). The hybrid structure shows an excellent upward
radiation characteristic, which is similar to that of Fig. 3(d).
The lack of the cylindrical symmetry [Fig. 4(e)] results from

that the ultrathin metallic bowtie antenna breaks the symmetry
of the silicon antenna. Comparing with the previous work, 3]
we overcome the challenge that the light energy confined on
the ultrathin metal surface was difficult to be extracted by a
dielectric antenna.[3!

The Purcell enhancement, quantum yield, and collection
efficiency of our nanostructure are predicted as Fp ~ 2.6 x 109,
QY= 0.70, and CE~ (.71, respectively. The Purcell en-

hancement (Fp ~ 2.6 x 10°) is 520 times greater than those
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130-33] and 63 times

(Fp< 5 x 10°) in hybrid nanostructures,
greater than those (Fp< 4.1 x 10%) even in previous metal-
lic nanostructures.!!%282°1 Moreover, the quantum yield and
the collection efficiency are close to those of the previous

s.130-331 The enhancement factor (EF* ~

hybrid nanostructure
1.3 x 10°) is 5.6 x 10% times greater than the simulation and
experimental results (EF* < 2.2 x 103) in previous metallic

[10.25,28-33.43] By further optimizing

and hybrid nanostructures.
the position of the silicon antenna and moving the location of
the dipole along the z-axis, the enhancement factor is increased
to be EF* ~ 1.8 x 10°.

In addition, the simulation shows that the Purcell en-
hancement of a dipole orienting along the z-axis or y-axis is
smaller than that orienting along the x-axis by two orders of
magnitude. The reason is that the electric field at the cen-
ter of the bowtie antenna is along the x-axis. As a result,
the dipole orienting along the z-axis or y-axis has little effect
on the results. With the help of the recent nano-fabrication

42431 the ultrathin metal film (f, from 1 nm to

techniques, !
10 nm) can be fabricated by an evaporation technique with a
sputtered copper seed layer,*?! and the metal bowtie antenna
with ultrathin gap (g from 0.5 nm to 10 nm) can also be fabri-
cated by a developed high-resolution electron-beam lithogra-
phy (EBL) process.[*3! The silicon antenna and multilayer film
can be fabricated by EBL and a dry-etching process.!**! The
thickness accuracy on the metal film in Ref. [42] is 1 nm, and
the gap accuracy on the bowtie antenna in Ref. [43] is 0.5 nm.
Moreover, the silicon antenna has a loose diameter accuracy
of £20 nm which is easy to be confirmed in EBL. When the
thickness and gap of the ultrathin bowtie antenna and the ra-
dius of the silicon antenna reach their respective fabrication
tolerances (e.g., fag = 7 nm, g = 2.5 nm, and r = 225 nm),
the simulation results show that the Purcell enhancement de-
creases by about 30%. Therefore, our structure is expected to
be experimentally realized in the future.

3. Conclusion

We proposed to brighten SPEs by combining an ultra-
thin metallic bowtie antenna and a silicon antenna on a metal-
The Purcell enhancement (Fp ~ 2.6 X 109)
in the proposed hybrid nanostructures is 63 times greater
than those (< 4.1 x 10*) in the previous metallic and hybrid
nanostructures. '28-33] The silicon antenna was used to keep

lic substrate.

a high quantum yield (QY =~ 0.70) and collection efficiency
(CE= 0.71). Finally, the enhancement factor was calculated
as EF* ~ 1.3 x 10°, which is 5.6 x 10? times greater than
those (EF* < 2.2 x 10%) in the previous metallic and hybrid
structures.[19-23-28-33.45] The bright SPEs might find important
applications in the areas of quantum key distributions, quan-
tum circuits, boson sampling, and quantum precision measure-
ment.
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