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Abstract: Coupling nanoscale emitters via optical antennas enables
comprehensive control of photon emission in terms of intensity, directivity
and polarization. In this work we report highly directional emission of
circularly polarized photons from quantum dots coupled to a spiral optical
antenna. The structural chirality of the spiral antenna imprints spin state to
the emitted photons. Experimental results reveal that a circular polarization
extinction ratio of 10 is obtainable. Furthermore, increasing the number of
turns of the spiral gives rise to higher anterma gain and directivity, leading
to higher field intensity and narrower angular width of emission pattern in
the far field. For a five-turn Archimedes’ spiral antenna, field intensity
increase up to 70-fold simultaneously with antenna directivity of 11.7 dB
has been measured in the experiment. The highly directional circularly
polarized photon emission from such optically coupled spiral antenna may
find important applications in single molecule sensing, quantum optics
information processing and integrated photonic circuits as a nanoscale spin
photon source.

©2012 Optical Society of America
OCIS codes: (240.6680) Surface plasmons; (350.5610) Radiation; (260.5430) Polarization.
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1. Introduction

Antennas are devices that convert electromagnetic radiation into localized energy, and vice
versa [1]. Although antennas are widespread in the radio frequency and microwave regimes,
typical optical components rely on geometric optical effects arising from the manipulation of
wavefronts with lenses and mirrors. Consequently, optical fields are difficult to be localized
within dimensions much smaller than the optical wavelength due to diffraction. In order to get
highly confined spot beyond the diffraction limit, nancscale optical antenna can be vsed to
interface with the far field optical radiation. With the development of modern nanofabrication
technicques, the fabrication of optical antenna with sophisticated subwavelength structure
becomes possible. Despite the differences between the classical antenna and the emerging
optical antenna, they share the equivalent objective and the basic principles of classical
antenna design can still be applied in the optical regime [2]. In the past decade, optical
antenna has been mostly studied for its function as a receiver, in which case the incident
electromagnetic wave’s energy shall be efficiently captured by the optical antenna at a certain
resonance condition, resulting in strongly enhanced local electromagnetic fields due to surface
plasmon polaritons (SPP), oscillations of free electrons in metals that couple to the incident
light field. A wide range of applications have arisen for receiving antenna, for instance in
sensing, subwavelength and nonlinear optics, nanoscale imaging and spectroscopy and
photovoltaics [3-6], exploiting the strong local fields and large absorption cross sections they
provide.

Besides functioning as receivers for strong local field generation, optical antennas also
offer the capability of tailoring the properties of photons emitted from nanoscale emitters in
terms of the emission intensity, directivity and polarization. As reciprocal to a receiver, the
transmitting antenna is designed to efficiently convert localized energy to free space
propagating optical radiation. By controlling the optical resonances in the vicinity of the
emitter, properties of the photon emissions can be modified and controlled. The study for
transmitting anternna has been largely boosted by the need of those applications that require
high angular sensitivity, such as light-emitting devices, molecular sensing, and unidirectional
fluorescent molecular sources [7-9]. Highly directional far-field emission of a linearly
polarized beam has been demonstrated experimentally from an array of optical Yagi-Uda
antenna [2, 10]. Recently, a nanoaperture surrounded by five concentric circular corrugations
has been demonstrated for significant enhancement of the fluorescence count rates per
molecule and high emission directivity [9]. Through tuning the groove-nanoaperture distance,
the fluorescence directivity can be controlled resulting from the interference phenomenon
[11].
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Features such as enhanced intensity and high directivity of photon emission with the use
of optical antenna have been pursued. However, the polarization state aspect of photon
emission from optical antennas has received little attention until recently [12, 13]. In
traditional antenna engineering, it is well known that right-hand or left-hand circular (RHC
and LHC) polarization radiation can be generated from spiral antenna with different
handedness [1]. This points out a potential way of using plasmonic spiral antenna to control
the emission properties, such as the polarization and emission direction of quantum systems
[12]. The goal of this work is to demonstrate the beaming of bright circularly polarized
emission from quantum dots coupled with a plasmonic spiral antenna. The beaming of
circularly polarized photons requires longitudinal excitation of the quantum dots, which is
satisfied with the use a radially polarization illumination. The influences of the parameters of
the spiral antenna such as the number of turns and the polarization state of the illumination are
also investigated.

2. Methods
2.1 Design of optical spiral antenna and fabrication

The optical antenna structure we proposed in this work is an Archimedes’ spiral illustrated in
Fig. 1(a). A 150 nm gold film was deposited onto a glass substrate (n = 1.5) by e-beam
evaporation. This thickness was chosen to prevent far field direct transmission of the laser
through the gold film. Right handed Archimedes’ spiral slot with single turn, 2-turn, 3-turn, 4-
tum, and 5-turn were fabricated with focused ion beam (FIB) milling (FEI dual beam SEM-
FIB NOVA 200 Nanolab system). The FIB was used with an acceleration voltage of 30 kV
and a very small ion current of 28 pA to obtain the smallest possible beam diameter (21 nm),
thus to guarantee minimal redeposition of Ga in the cut regions and highly vertical sidewalls.
In the cylindrical coordinates, the right-handed spiral structure can be descripted as

A
r=r, +E¢’ (1)

where A equals the surface plasmon polaritons (SPP) wavelength Agy, for a planar gold/air
interface. The SPP wavelength Ay, was calculated to be 598.8 nm with 633 nm optical
excitation. The groove width is 200 nm and the r; equals to 24, The SEM images of the
fabricated sample of right-handed spiral (RHS) structure with 1-5 tumns are shown in the insets
of Fig. 2(b)-2(f), respectively.

2.2 FEM simulation and physical mechanisms

A full three-dimensional finite element method model (COMSOL) has been developed to
numerically investigate the characteristics of the optical spiral antenna. An electric dipole that
is placed 5 nm over the center of the spiral surface is used to represent a nanoscale emitter.
Numerical modeling indicates that the distance between the electric dipole and the spiral
surface does not have significant influence on the emission directivity and polarization except
for reducing the emission intensity in the far field as the distance increases. The emission
wavelength is set to be 633 nm and the electric current dipole moment equals to 1 m-A. The
electric dipole oscillates along z-axis (normal to the spiral surface). The orientation of the
oscillation is critical to achieve circularly polarized photon emission in the far field, thus the
excitation condition of the emitter needs to be dealt with carefully. With this longitudinally
excited dipole, the optical field emitted from this dipele illuminates the spiral structure with
the local electric field TM polarized to the spiral slit. The sharp edge of the spiral slit couples
light into SPP and reradiate into the far field on the other side of the electric dipole. Through
adjusting the parameters of the optical antenna design, the far field emission properties can be
tailored.
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2.3 Experimental setup

In the experiment, quantum dots are adopted as the nano-emitters. As described above, the
orientation of the dipole oscillation needs to be normal to the spiral antenna surface in order to
obtain circularly polarized photon emission in the far field. According to the simulation, the
electric dipole oscillating in the x-y plane leads to a split in the center of the far field emission
pattern and the emission polarization will be linear. Therefore, to obtain beaming of circularly
polarized photon emission from the fluorescent quantum dots, the excitation field needs to be
aligned in the longitudinal direction (normal to the surface). Furthermore, illumination with
small spot of focus is necessary. The larger the spot size is, the more quantum dots away from
the center of the spiral are excited, which give rise to broader emission angular width and
strong background noise. These requirements can be fulfilled with a radially polarized
excitation source due to its tighter focus and strong longitudinal component [14]. The diagram
of the experimental setup is illustrated in Fig. 1(b). A radially polarized beam is generated
through coupling laser beam into a few-mode optical fiber [15]. The optical fiber acts as a
spatial filter and a polarization mode selector. The optical excitation wavelength is chosen to
be 532 nm. Fluorescent Qdots (R) 625 ITK carboxyl quantum dots from Invitrogen were used
as the emitters due to its excellent stability and lifetime. The peak emission wavelength (A, =
625 nm) is slightly smaller than that of designed. However, this affects the results very little.
The quantum dots were diluted in isopropyl alcohol with volume ratio 1:10. A small droplet
of the diluted quantum dots solution being used as the emitters is dripped on the surface of
RHS structure and dried in air. The radially polarized beam coming out of the end of a few-
mode fiber is tightly focused onto the gold-air interface of the spiral by an objective lens
(Mitutoyo M Plan Apo NIR HR 50 x /0.65) with an NA of 0.65. Under this NA, the peak of
longitudinal components at the center of the focal spot is as strong as the peak value of the
surrounding transverse component according to numerical calculation. As we will show in the
discussions part, the excitation efficiency of longitudinal component is about 12 times higher
than the transverse components. Thus, the far field emission is dominated by the longitudinal
excitation under the NA we use.

:)\‘y (a) 2 m few

X

XY translation
stage and
= sample

Objective
50x/0.65
modes fiber

 Gold |
|1 Glass

Air

Objective
100x /0.8

CCD Camera
Objective Lens

10x/0.25
L‘ g‘Y "‘l 532 nm Laser
A & ot

v Objective
Collimating  20x / 0.4
Lens

(®)

Figure 1. Plasmonic spiral antenna for the control of the photon emission from quantum dots in
solution. (a) Diagram of the proposed spiral antenna structure. (b) Experimental configuration.
(c) Radially polarized beam pattern generated at the end of the fiber, and pictures of the beam
after it passes through a linear analyzer oriented at different angles shown by the arrows.

Through carefully adjusting the x-y translation stage, the center of the spiral and the
focused radially polarized beam can be aligned. To control the position of the sample
precisely, a CCD camera (not shown in setup) is used to capture the images reflecting from

#171105 - $15.00 USD Received 21 Jun 2012; revised 26 Jul 2012; accepted 3 Aug 2012; published 8 Aug 2012
(C)2012 OSA 13 August 2012/ Vol. 20, No. 17/ OPTICS EXPRESS 19300

4
Approved for public release; distribution unlimited.




the gold-air interface of the spiral. Another inverted objective lens (Nikon LU Plan 100 x /0.8)
with an NA of 0.8 below the x-y translation stage is used to collect the radiated emission from
the glass side. The focal plane of this collecting objective lens is adjusted to the glass-air
interface of the sample. A 532 nm notch filter after the inverted objective lens filters out the
excitation wavelength. After being slightly focused by a lens, the red fluorescence signals are
collected by another CCD camera. Fig. 1 shows the doughnut pattern of the generated radially
polarized beam. Pictures of the beam after it passes through a linear polarizer oriented at
different angles are also captured to confirm the radial polarization distribution. The radially
polarized beam is strongly focused to excite the quantum dots near the center of the spiral and
the fluorescence signals on the other side of the spiral antenna are collected by the CCD
camera.

3. Experimental results and discussion

The collected fluorescence signals are shown in Fig. 2(a)-2(f). For a glass substrate without
spiral structure, the image contains a single disk with its radius representing the maximum
collection angle of the inverted objective at 53  (shown in Fig. 2(a)). While for all the other
samples with RHS structures, the image contains an additional bright spot centered on the
optical axis. The illumination and the position of collecting objective lens are kept unchanged
during the experiment so the results for spiral with different number of turns are comparable.
The line-scans of the simulated and experimental fluorescence emission patterns along x and y
axes are shown in Fig. 3(a)(b) and Fig. 3(c)(d) respectively. By adding more turns of the
spiral, the full-width-half-maximal (FWHM) of the emission pattern in the far field can be
further reduced. The fluorescence emission intensity can also be further improved because of
larger receiving area for SPP generation and reradiation. Please note that the intensities in Fig.
2 (a)-(d) have been multiplied by a factor to show the figures clearly.

(b)

(@ (®) ®

Figure 2. Fluorescence intensity distributions in the back focal plane of a 0.8 NA objective
lens. (a) Emission pattern for the case of no spiral structure. Please note that the intensity of
this image has been magnified by a factor of five to show the field distribution clearly. (b)-(f),
Emission patterns for a RHS structure with an increasing number of turns from 1 to 5. SEM
pictures of the spiral antennas are shown as the insets. The intensities in (a), (b), (c) and (d) are
multiplied by a factor to ease viewing the figures.
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Overall the experimental data agree well with the simulation. Higher fluorescence
intensity and narrower angular width of the emission patterns can be clearly seen for optical
spiral antenna with more turns, although the F'WHMs are slightly broader in the experiment.
The differences are mainly caused by different number of quantum dots being excited. In the
COMSOL model, only one electric dipole is used to excite the RHS structure. But in the
experiment, although the solution of quantum dots has alrcady been diluted, the excitation of
single quantum dot still cannot be achieved. A bunch of quantum dots near the center of the
spiral are excited, leading to the larger angular width of the emission pattern. For spiral
antenna with 5 turns, the emission patlern is highly directional, with FWHM of 10 and 11°
along the x-direction and y-direction respectively. The fluorescence peak intensity is increased
up to 70 fold compared to the average intensity of the case of no spiral structure, which is
higher than that of spiral antenna with fewer tums. To quantify the collimation in the direction
normal (o the surface, the antenna directivity defined as D = 10 log) (2afcu/Laverage), Where
Iear is the far-ficld peak intensity and 7., is the average field integrated over the lower half-
space for the case of no spiral antenna, is calculated to be 11.4 dB for the 3-turn spiral
antenna.

10" Gu10” )
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Figure 3. Line-scans through the center of the emission patterns in the far field along x- and y-
axes. Line-scans in the (a, ¢) x-z plane and (b, d) y-z plane from simulation and experimental

results respectively.
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The fluorescence emission carries polarization property essentially determined by the
handedness of the spiral. The polarization state of the radiated emission should be LHC for
the RHS structure [13]. To verify this feature, a circular analyzer composed of a quarter-wave
plate followed by a linear polarizer is placed behind the collection objective lens. The angle
between fast axis of quarter-wave plate and polarization direction of linear polarizer is set to
45°. The emission pattern after the circular analyzer is shown in Fig. 4. For the LHC polarizer,
there is a dark hole in the center of the radiation pattern (shown in the inset of Fig. 4(b)),
while a central peak could be observed when the emitted beam go through a RHC polarizer
(shown in the inset of Fig. 4(a)), which is a manifestation of RHC polarization for the
fluorescence emission. Circular polarization extinction ratio is defined as I,/I,, where I, and I,
are the fluorescence intensities in the center of the emission pattern after insertion of left and
right circular polarizer respectively. A peak extinction ratio near 10 has been achieved in the
center for RHS structure with 5-turn spiral antenna. A linescan of circular polarization
extinction ratio is shown in Fig. 4 (c¢). The main lobe of the emission in the far field still holds
the RHC polarization.

RHC
Polarizer

quarter linear
wave polarizer|
plate

LHC
Polarizer

Figure 4. Method for measuring the circular polarization extinction ratio of the emission. The
right pictures show the radiated emissions filtering by (a) a RHC polarizer and (b) a LHC
polarizer that is composed of a quarter-wave plate and a linear polarizer. The insets show the
linescan through the center. Please note that the intensity in (b) has been multiplied by a factor
of 5 in order to obtain a clear image. (¢) Linescan of circular polarization extinction ratio.

Other than the longitudinal excitation with radially polarized illumination, the effect of
linearly polarized illumination is also investigated both numerically and experimentally.
Lincarly polarized Gaussian beam was generated with the same few mode fiber through
careful alignment (shown in Fig. 5(a)). The power of the Gaussian beam is adjusted to the
same level of radially polarized beam used above. Then the Gaussian beam is focused onto
the center of the 5-turn spiral antenna with the same collection optics. The simulated and
measured emission patterns are shown in Fig. 5(b) and 5(c) respectively. As expected, a split
spot with a dark center is observed, which is caused by the destructive interference of SPP at
azimuthal directions. It is worthy of noting that the fluorescence intensity of radiated emission
for linearly polarized illumination is much lower than that from radially polarized
illumination, the maximal fluorescence intensity of radiated emission for radially polarized
illumination is nearly 12 times larger than that from linear polarization. This is consistent with
our simulation results that the coupling efficiency of the longitudinal field component is much
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higher than the in-plane ones. This indicates that the emission features shown above for the
longitudinally excited fluorescent emitter can still be largely maintained even for a bunch of
emitters with orientations deviated from the normal direction.

[N
() (b) ©

Figure 5. Influence of illumination with transverse polarization. (a) Linearly (x-) polarized
Gaussian beam pattern generated at the end of the fiber. (b) Simulated electric field intensity
distribution in the far field. (c) Emission patterns from experimental results. The intensity has
been multiplied by a factor of 5 in order to obtain a clear image.

4. Conclusions

In conclusion, the feasibility of beaming circularly polarized photons emitted from quantum
dots coupled to a plasmonic spiral lens has been demonstrated experimentally. With
increasing number of turns of the spiral antenna, the emission brightness becomes higher and
FWHM of the angular emission pattern in the far field can be reduced further. The emitted
photons from this spiral antenna coupled emitter carry the spin essentially determined by the
chirality of the spiral optical antenna. Imprinting the spin state to the emitted photons requires
longitudinally oriented field from the emitter, which is realized with radially polarized
excitation in the experiment. However, such longitudinal feeding can be realized with highly
confined nanoscale modes from nanowire waveguide [16] or nano laser [17], paving the way
towards a fully integrated nanodevices. The nanoscale spin photon source demonstrated in this
work is believed to have high relevance for the applications in sensing, which could further
improve the signal to noise ratio of a sensing technique reported recently in [18], it also may
find many potential applications in quantum optical information processing and integrated
photonic circuits.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

Acronym Definition

SPP Surface Plasmon Polaritons
RHC Right-Hand Circular

LHC Left-Hand Circular

FIB Focused lon Beam

RHS Right-Handed Spiral

CCD Charge-Coupled Detector
FWHM Full Width at Half Maximum
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