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Plasmonic and dielectric nanoparticles offer complementary strengths regarding their use as optical

antenna elements. While plasmonic nanoparticles are well-known to provide strong decay rate

enhancement for localized emitters, all-dielectric nanoparticles can enable high directivity

combined with low losses. Here, we suggest a hybrid metal-dielectric nanoantenna consisting of a

gold nanorod and a silicon nanodisk, which combines all these advantages. Our numerical analysis

reveals a giant enhancement of directional emission together with simultaneously high radiation

efficiency (exceeding 70%). The suggested hybrid nanoantenna has a subwavelength footprint, and

all parameters and materials are chosen to be compatible with fabrication by two-step electron-

beam lithography. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903219]

Owing to their ability to efficiently couple localized

optical near-fields to propagating light waves, optical nano-

antennas remain a current focus of nanophotonics research.1

In particular, they have been shown to allow for directional

emission enhancement from a localized nanoemitter,2–6 a

key functionality in the context of next generation light

sources, including on-chip integrated sources,7 efficient

quantum-light sources,8 and display technology. While most

nanoantennas consist of metallic nanoparticles supporting

localized surface plasmons, resonant dielectric nanoparticles

are rapidly becoming a paradigm of nanoantenna design,

propelled by their very low optical losses as compared to

nanoplasmonic structures.9,10 In addition, high-index all-

dielectric nanoparticles exhibit both electric and magnetic

multipolar resonances, whose engineered far-field interfer-

ence offers unique opportunities for creating highly

directional radiation patterns with near-unity radiation

efficiency.11–13

However, the maximum radiative decay rate enhance-

ment expected for single-particle all-dielectric nanoantennas

does not match the large values demonstrated for plasmonic

enhancement.1,14 Thus, in order to combine the respective

advantages of plasmonic and all-dielectric nanoantennas,

metal-dielectric composites have been suggested.15–17 In

such hybrid nanoantennas, a metallic nanoparticle is used as

a feed element, providing a high radiative decay rate enhance-

ment, while an all-dielectric nanoparticle is employed as a

director element, shaping the nanoantenna’s emission into a

unidirectional pattern without the addition of appreciable

losses. However, high directivity, high efficiency, and subwa-

velength dimensions have not yet been simultaneously

achieved by hybrid nanoantennas. Most importantly, hybrid

nanoantenna designs that are accessible by well-controlled

top-down fabrication schemes are still missing.

In this letter, we study numerically hybrid nanoantennas

that employ gold nanorods as feed elements and a silicon

nanodisk as a director element. All structure parameters are

chosen to be compatible with fabrication via two-step

electron-beam lithography, and the constituent materials are

limited to gold, silicon, and silica glass, which are commonly

used in optical nanofabrication. Also, the dimensions of the

hybrid structure are well below the free-space operation

wavelength of the nanoantenna in all three dimensions. We

perform comprehensive numerical analyses of the suggested

nanoantenna design, assessing its actual performance for key

applications of directional nanoantennas.

A sketch of the considered geometry is shown in Fig. 1.

A gold nanorod—which was chosen because it is a well stud-

ied nanoantenna element1,18—serves as a feed element. The

width W and thickness T of the gold rod are both set to

40 nm. The length L of the rod is 172 nm, resulting in a reso-

nance wavelength of the gold rod of 1.111 lm. To avoid

unphysically sharp edges, we model the gold nanorod edges

FIG. 1. Schematic of a hybrid nanoantenna: The emission from a dipole

emitter (red double-arrow) is enhanced by a gold nanorod and redirected by

a silicon nanodisk.

a)Author to whom correspondence should be addressed. Electronic mail:

isabelle.staude@anu.edu.au
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as rounded with a radius of curvature of 10 nm. A silicon

nanodisk acts as a director element. The diameter D of the

nanodisk is 620 nm, and its height, H, is 220 nm. The dis-

tance between the gold nanorod and the surface of the silicon

nanodisk is denoted by d. The gold and silicon optical prop-

erties are modeled using experimental data from Refs. 19

and 20, respectively.

A possible fabrication scheme for this hybrid nanoan-

tenna would involve a first step of electron-beam lithography

on a silicon thin-film on a glass substrate of macroscopic

thickness, followed by reactive ion etching in order to define

the silicon nanodisk director element.13 Next, a silicon oxide

layer can be deposited onto the silicon nanodisk. Control of

the thickness of this layer provides control over the separa-

tion distance d. The gold nanorod acting as a feed element

can then be defined in a second step of electron-beam lithog-

raphy followed by evaporation of a thin layer of gold and a

lift-off procedure. As a last step, application of an index-

matched cap layer can be used to embed the hybrid nanoan-

tenna into a homogeneous medium. Based on this suggested

fabrication scheme, in our calculations, we approximate the

entire hybrid nanoantenna as embedded into a homogeneous

medium formed by the substrate, the spacer layer, and the

cap, with an refractive index of n¼ 1.45 corresponding to

silica glass. While—for an experimentally fabricated struc-

ture—a slight residual refractive index mismatch between

the layers may occur, it can be kept very small, not notice-

ably impacting on the nanoantenna performance.

We consider the hybrid nanoantenna to be excited by a

nanoemitter, e.g., an atom or a quantum dot. The nanoemitter

is modeled as a point-like broadband dipole source and dis-

played as a red double-arrow in Fig. 1, corresponding to the

dipole axis. It is aligned parallel to the main axis of the gold

nanorod and perpendicular to the symmetry axis of the nano-

disk. The distance S from the surface of the gold rod to the cen-

ter of the nanoemitter is set to 6.5 nm. A number of previous

studies have concentrated on characterizing the emission char-

acteristics of coupled systems consisting of a dipole emitter

and a plasmonic nanoantenna as a function of both the

orientation of the dipole with respect to the gold nanorod as

well as the distance between the nanoemitter and the gold

nanorod.21 Here, we have directly chosen these parameters in

order to optimize the radiative decay rate enhancement pro-

vided by the feed element. It is worth noting that a higher total

decay rate enhancement can be achieved if the distance

between the emitter and the plasmonic particle S is further

reduced, however, the radiation efficiency would decrease due

to quenching, leading to a reduction of the radiative decay rate

enhancement.21 All calculations are performed using the com-

mercially available software package CST Microwave Studio.

We start our analysis from a simpler structure consisting

of a silicon nanodisk excited by a point-like dipole source.

Such structures have been suggested to provide large front-

to-back ratio and high directivity.13 Here, we start by revisit-

ing the key properties of such element. The directivity of an

antenna DA (h,/) is defined as

DA h;/ð Þ ¼ 4pUA h;/ð Þð2p

0

ðp

0

UA h;/ð Þsin hð Þdhd/

; (1)

where UA (h,/) is the radiation intensity in a given direction

with respect to the antenna.22 Figure 2(a) shows the calculated

directivity in forward direction D0¼DA (0, 0) (red line) of a

single nanodisk with the above specified dimensions. The ex-

citation dipole source is oriented along y-direction and located

at 80 nm away from the nanodisk surface at its symmetry axis.

The directivity reaches its maximum of 7.6 at the operation

wavelength of k¼ 1.111 lm. Also shown are the total power

radiated by the nanodisk antenna (blue line) and, for compari-

son, by the exciting dipole source alone (black dashed line).

Note that, despite the high directivity of the nanodisk antenna,

its total radiated power at the operation wavelength is in fact

reduced in comparison to that of the dipole source alone,

which immediately pinpoints the need for hybridization of

this nanoantenna with a plasmonic element, if radiative decay

rate enhancement is desired. In order to investigate the origin

of the highly directive behavior of the nanodisk antenna, we

perform a multipole expansion23 of the total scattering

response of the silicon nanodisk, according to

Cdisk
sca ¼

p
k2

X1
l¼1

Xl

m¼�l

2lþ 1ð Þ jalmj2 þ jblmj2
� �

: (2)

Such analyses are usually performed for plane-wave excita-

tion.13,24 In our case, however, in order to provide an accurate

picture of our system, we consider the same dipole excitation

scenario as before. The results for the non-negligible coeffi-

cients are presented in Fig. 2(b). Most interestingly, the

a21 coefficient, corresponding to an electric quadrupole

FIG. 2. (a) Total radiated power and directivity of a single silicon nanodisk

excited by a point-like broadband dipole source. Also shown for comparison

is the power radiated by the exciting dipole source alone. (b) Multipole

expansion (see Eq. (2) for the definition of the plotted coefficients) of the

total power radiated by the silicon nanodisk under dipole excitation. Only

the non-negligible multipole coefficients are shown. The vertical dashed

lines in (a) and (b) indicate the operation wavelength of k¼ 1.111 lm.

221109-2 Rusak et al. Appl. Phys. Lett. 105, 221109 (2014)
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contribution, shows a resonant behaviour at the operation

wavelength. This suggests that the electric quadrupole plays a

crucial role for the functionality of this director element, ena-

bling hybrid nanoantennas with directivities exceeding those

of previously suggested subwavelength designs, where the

functionality of the all-dielectric director element is based on

the interference of the electric and magnetic dipole modes

alone.16 In accordance with our results, the interference of

higher-order multipoles beyond the electric and magnetic

dipole has been recently shown to dramatically improve the

directionality of forward scattering.6,10,25 Repeating our

analysis for far-field excitation (not shown), we find that the

contribution of the electric quadrupole becomes dominant at

the operation wavelength, leading to a maximum of the total

scattering cross-section.

Next, we turn our attention to the hybrid nanoantenna

and investigate how variation of the distance between the

gold nanorod and the surface of the silicon nanodisk d influ-

ences its characteristic quantities. To this end, we calculate

the directivity in forward direction, the radiative decay rate

enhancement, the radiation efficiency, and the directional

emission enhancement for the variation of the distance

between the gold nanorod and the silicon nanodisk. The

directivity in forward direction D0¼DA (0,0) is displayed in

Fig. 3(a). This quantity strongly depends on the distance

between the gold nanorod and the silicon disk and achieves

higher values when the distance is increased starting from an

initial value of 40 nm. The highest value of 7.7 is obtained at

a distance of 90 nm for a wavelength of k¼ 1.124 lm, and it

remains almost constant for distances in the range of

80 nm–100 nm.

The total emitted power Ptot of the nanoemitter and the

radiated power Prad of the emitter-nanoantenna coupled

system are obtained by numerically calculating the power

flow through a closed surface surrounding the nanoemitter at

a distance of 1 nm and 800 nm, respectively. The radiative

decay rate enhancement Crad is given by the relationship

Crad¼ Prad/P0, where P0 is the power emitted by the nanoe-

mitter into a homogeneous n¼ 1.45 environment. Note that,

in general, Ptot 6¼ P0 due to the presence of the nanoantenna.

The radiation efficiency is the ratio between the radiated

power and the total emitted power: e0 ¼ Prad=ðPrad þ PnrÞ
¼ Prad=Ptot. This quantity takes into account the non-

radiative losses Pnr of the nanoantenna. The peak value of

the radiative decay rate enhancement [see Fig. 3(b)] experi-

ences a blue-shift when the distance d is increased which can

be explained by a reduction of the effective refractive index

in the vicinity of the gold nanorod. The maximum values of

the radiative decay rate enhancement [see Fig. 3(b)] and of

the radiation efficiency [see Fig. 3(c)], on the other hand, do

not appear very sensitive to the variation of the distance

between the gold nanorod and the silicon nanodisk.

Finally, we discuss the directional emission enhance-

ment Dee—a crucial quantity for the actual capability of the

nanoantenna to enhance the brightness of a given nanoemit-

ter in a standard microscope setup. It can be expressed as the

product of the radiative decay rate enhancement Crad and the

enhancement of the collection efficiency due to directional

emission, Ccol, or equivalently as the ratio of the power radi-

ated into a certain solid angle by the nanoemitter in the pres-

ence of the nanoantenna UA (h,/) to its emitted power in a

homogeneous n¼ 1.45 environment UE (h,/) for the optimal

dipole orientation

Dee ¼ Crad � Ccol ¼

ð2p

0

ðh0

0

UA h;/ð Þsin hð Þdhd/

ð2p

0

ðh0

0

UE h;/ð Þsin hð Þdhd/

: (3)

Importantly, this definition accounts for non-radiative losses

in the metallic nanorod. We choose the solid angle over

which the integrals are calculated to be limited by the

angle of total internal reflection, which is given by h0

¼ sin�1ð1=1:45Þ � 43:6
�
. In experiments, this corresponds

to the fraction of the photoluminescence that can escape

from the glass substrate without the use of immersion oil

objectives. Note that for the suggested nanoantenna geome-

try, the direction of maximum directivity coincides with the

normal of the substrate-air interface, thereby minimizing the

fraction of emitted light that undergoes total internal reflec-

tion. We neglect partial reflection of light in our calculation

of the directional emission enhancement considering that it

can be strongly suppressed by an antireflection coating of the

substrate. Similar to the directivity in forward direction, the

directional emission enhancement is sensitve to the distance

between the gold nanorod and the silicon nanodisk, reaching

its maximum value of 800 for a distance d¼ 80 nm [see Fig.

3(d)]. The starting point for further optimization is that the

radiative decay rate enhancement displayed in Fig. 3(b) is

dominated by the properties of the feed element. Thus, it can

be further increased through modification of the latter. To

illustrate this possibility, we consider a variation of our

hybrid geometry, where the single gold nanorod is replaced

by two gold nanorods separated by a small feed gap [see

insets in Fig. 4]. The nanoemitter is situated in the centre of

FIG. 3. (a) Directivity in forward direction D0, (b) radiative decay rate

enhancement Crad, (c) radiation efficiency e0, and (d) directional emission

enhancement Dee for a variation of the distance d between the gold nanorod

and the silicon nanodisk.

221109-3 Rusak et al. Appl. Phys. Lett. 105, 221109 (2014)
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this feedgap and oriented as previously. We choose the gap

as 30 nm to stay well within the fabrication limitations. The

length LTR of each rod is tuned to 150 nm resulting in a reso-

nance wavelength of the gap nanoantenna of k¼ 1.111 lm;

the width W and thickness T are the same as before. The dis-

tance d is set to the optimum value of 80 nm.

In Fig. 4, we compare the performance for the two

hybrid nanoantenna designs. Results for the purely dielectric

nanoantenna, consisting of the silicon disk alone, are also

included for comparison. The directivity in the forward

direction [see Fig. 4(a)] reaches its maximum value of

8.5 for the two rod nanoantenna at a wavelength of

k¼ 1.091 lm. Note that this value is obtained for a homoge-

nous dielectric environment and will likely be further

enhanced by taking a substrate into account. Minor lateral

misalignment of the gold nanorod with respect to the silicon

nanodisk merely results in a slight deviation of the beaming

direction from the symmetry axis of the structure while the

high directivity is preserved. The highest values of radiative

decay rate enhancement [see Fig. 4(b)] are also obtained for

the case of the two rod nanoantenna, which can be explained

by the higher electric-field enhancement in the feed-gap pro-

vided by the two rods compared to one.1,18 Importantly, both

hybrid geometries show much higher radiative decay rate

enhancement than the silicon nanodisk alone, which does not

provide an as large local electric-field enhancement as the

metallic particles in the hybrid designs. The radiation effi-

ciency e0 [see Fig. 4(c)], on the other hand, is highest for the

all-dielectric nanoantenna, since the silicon disk is practi-

cally non-absorbing in the wavelength range of interest. The

radiation efficiency of the hybrid design with the two gold

nanorods still reaches 70% over the entire wavelength range

from 0.95 lm to 1.3 lm, again outperforming the single rod

hybrid antenna.

Based on our results so far, we can furthermore compare

the performance of the two rod hybrid nanoantenna to that of

an ideal plasmonic Yagi-Uda nanoantenna in a homogeneous

environment.2 Indeed, both the directivity and the radiation

efficiency of the hybrid nanoantenna are significantly higher.

The gain in radiation efficiency originates from the replace-

ment of lossy metallic director elements with a single loss-

free silicon nanodisk. Finally, the high directivity and radia-

tive decay rate enhancement of the two rod nanoantenna

directly translate to a large directional emission enhancement

Dee [see Fig. 4(d)]: While—for the single rod hybrid nanoan-

tenna—Dee reaches an already high value of 800 at a wave-

length k¼ 1.123lm, a maximum of 1400 is achieved at

k¼ 1.111lm for the two rod hybrid antenna.

In conclusion, we have proposed and systematically

investigated a hybrid metal-dielectric nanoantenna, where a

single nanoemitter is coupled to a gold nanorod and the

emission is redirected by a silicon nanodisk. We have com-

pared this design with a single silicon nanodisk alone and

also with a design where the single nanorod is replaced by a

gap nanoantenna. In addition to a high directivity of 8.5 and

high radiative decay rate enhancement typical for plasmonic

gap nanoantennas, we have achieved a high radiation effi-

ciency exceeding 70% over a broad wavelength range of

more than 300 nm accompanied by strong directional emis-

sion enhancement of 1400. Our results indicate that the sug-

gested hybrid nanoantenna combines the respective

advantages of both plasmonic and all-dielectric nanoanten-

nas. The dimensions and materials of the nanoantenna design

are chosen to allow for fabrication by standard top-down

nanofabrication schemes.

The authors acknowledge a support from the Australian

Research Council.
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