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ABSTRACT: Radially polarized optical beams are desirable in many applications because of
their property to generate longitudinally polarized fields when being strongly focused. Single-
photon sources are however normally limited to the generation of linearly polarized photons
due to their dipolar nature. Here, we report on emission of radially polarized single photons
from a nitrogen-vacancy (NV) center in a nanodiamond (ND) coupled to a bull’s-eye
plasmonic antenna. Design optimization and characterization of plasmonic bull’s-eye antennas
consisting of polymer circular nanoridges deterministically fabricated on a silica protected
silver film around an NV-ND emitter are reported. We demonstrate with numerical
simulations that the collection efficiency for photons emitted at the design wavelength can
exceed 80% with optimized bull’s-eye structures. Analysis of the emission angular distribution
indicates that, even when limiting the detection to the main lobe by using an 0.2 NA objective,
the detection efficiency can overreach 55%. A 3-fold enhancement in the total number of
detected radially polarized photons is experimentally observed with an NV-ND single-photon
emitter being coupled to a bull’s-eye antenna. Generation of radially polarized single photons
suggests new interesting possibilities for single-photon imaging and sensing.
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Radially polarized light beams are used for subdiffraction
imaging,1,2 noise-proof optical comunication,3,4 quantum

key distribution,5 and other applications.6 Single-photon
beams with radial polarization are desired in the rapidly
developing quantum communication, quantum information
processing, and metrology.7−11 Quantum technology requires
single-photon sources with high photon rate, high collection
efficiency (CE), well-defined polarization states, and on-
demand photon generation. To make sources feasible for
large scale fabrication, the room-temperature operation and
on-chip integration requirements should be fulfilled.12 Single
photons are produced by a variety of emitters such as isolated
atoms, ions, molecules, quantum dots, or defect centers in
crystals.13−16 Nanodiamonds containing nitrogen-vacancy
(NV-ND) centers are effective for room temperature single-
photon generation.17,18 However, the photons are emitted in
all directions and are not polarized. There are three main
challenges in obtaining efficient single-photon sources: first, to
increase the photon generation rate of a quantum emitter
(QE); second, to control the polarization of emission; and
third, to collect all the emitted photons from QE. The photon
emission rate of NV-NDs can be enhanced by coupling NV-
NDs to dielectric or plasmonic structures,19−30 as well as the
beam properties can be controlled by fabricating a suitable
environment for the emitter.31,32 The polarization of emission
can be controlled by coupling NV-NDs to waveguides or
localized plasmon modes followed by outcoupling with
antennas to far-field.27,33,34 The control of the outcoupler

design allows the generation of single photons with a
predefined polarization state, far-field intensity, and phase
distributions. Generation of linearly27 and circularly polarized
single-photon beams35 from NV-NDs has been demonstrated.
Previously, an outcoupling grating was utilized for achieving
efficient collection from multiple NV centers.36 Here, we
demonstrate the generation of radially polarized single photons
by coupling NV-NDs to the plasmonic bull’s-eye antenna. We
have optimized the structure to obtain high CE by numerical
simulations. We fabricated the structure by utilizing a
positioning technique that we have used before.35,37,38 With
the optimized structure, we obtain a 3 times increase in the
number of photons collected after fabrication of the bull’s-eye
structure compared to emission from an NV-ND on a bare
substrate. We estimate a CE of ∼74%, for an objective of 0.9
numerical aperture (NA). Collection efficiency is defined as a
ratio of power collected by the objective in the far-field over
total power generated by a dipole in the presence of the
plasmonic structure.
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A schematic of the experiment is presented in Figures 1 and
2(a). The nanodiamond containing a single NV-center with

vertical dipole orientation is placed on the silica-coated Ag
surface. The SiO2 spacer between NV-ND and Ag is used to
avoid the quenching of emission. The NV-ND is surrounded

by several concentric dielectric ridges, so-termed bull’s-eye
grating. The excited NV-center spontaneously decays and
generates surface plasmon polaritons (SPPs) on the Ag/SiO2/
Air interface. SPPs propagate away from the NV-ND and are
subsequently scattered by the bull’s-eye grating. The ridges’
spacing and size are adjusted to match the second-order Bragg
resonance to enhance the SPP scattering. Scattered light
interferes constructively in the far-field, forming the collimated
doughnut-shaped radially polarized outcoming beam. The
radial polarization of the beam and the doughnut-shape are
defined by the rotational symmetry of the device. We have
designed our device to radiate at an angle close to the plane
normal. We note that beams propagating at large angles with
respect to the surface normal and beams directed at several
angles simultaneously can be constructed by choosing the
proper structure period and duty cycle of the bull’s-eye
antenna [see the Supporting Information (SI)].
In the following, we first describe plasmonic bull’s-eye

antenna structure optimization by numerical simulation
followed by theoretical analysis of bull’s-eye antenna perform-
ance. Subsequently, we present details of our experiment,
followed by a discussion of the results obtained.
We calculated optimal parameters for the bull’s-eye structure

by looking for the highest CE while varying the structure
geometry in COMSOL Multiphysics. The NV center is
represented by a vertically oriented electric dipole emitting
light at a wavelength of λ0 = 670 nm. The dipole is surrounded
by 12 circular scattering ridges of 180 nm thick hydrogen
silsesquioxane (HSQ). The dipole is positioned 50 nm above
the substrate. The substrate is composed of an optically thick
100 nm Ag layer covered with a 20 nm SiO2 spacer. Optical
constants for silver and SiO2 were taken from Johnson et al.39

and Malitson,40 respectively. The refractive index of HSQ was
set to 1.41.41

Figure 1. Operation of the radially polarized single-photon source.
The excited QE with normal to surface dipole moment generates SPP
waves on the air/metal interface. SPP scatters on concentric dielectric
periodic ridges (blue), resulting in upward emission with a doughnut-
shaped intensity profile. Arrows represent radial polarization of the
single-photon beam.

Figure 2. (a) Cross section of the circular plasmonic structure: vertical dipole on the symmetry axis generates SPPs, which scatters on periodical
HSQ ridges. Emission is calculated using near-to-far field transformation on the semispherical boundary enclosing the structure. (b) and (d) Maps
of collection efficiency over the structure period and duty cycle calculated for collection angles 64° (NA = 0.9) and 12° (NA = 0.2). Black dot: Λ =
516 nm, χ = 0.61 corresponds to the maximum of CE. Dashed curves depict Bragg resonances (eq 2). The region of (Λ,χ) parameters feasible for e-
beam lithography implementation is limited by the 1:1 structure aspect ratio and lies between solid lines. (c) Far-field angular distribution of
emission of bull’s-eye structure calculated for the optimal set of parameters for Λ = 516 nm, W = 315 nm, χ = 0.61, and R0 = 520 nm.
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The NV-center radiation transition is associated with two
dipolar contributions that are perpendicular to each other.42,43

In general, the transition dipoles have projections both in the
vertical (d⃗z) and horizontal (d⃗r) directions. Previous studies of
the electric dipole emission placed in the proximity to the
silver film44−46 show several reasons to utilize only the vertical
dipole component for our purpose.36 First, the radiative decay
rate enhancement is observed only for the vertical orientation
of the dipole, because the horizontal dipole radiation is
suppressed by that of the mirrored antiphase dipole in the
silver film. Moreover, the coupling of vertical dipole radiation
into SPPs, in comparison to that of horizontal dipole radiation,
is considerably higher. Thus, we neglect a weak horizontal
dipole contribution and consider only the dominating vertical
dipole contribution in our study. In the experiment, we ensure
the presence of a strong out-of-plane dipole component of the
NV center in the investigated nanodiamonds by selecting those
that strongly luminesce when being illuminated with a tightly
focused radially polarized laser beam, which produces a strong
vertical electric field component of the pump beam in the focal
plane.
The CE maps obtained for high and low NA objectives by

varying the bull’s-eye structure period and duty cycle are
presented in Figure 2(b) and (d), respectively. The calculation
is done for inner ridge radius R0 = 520 nm. The structure with
period Λ = 516 nm and duty cycle χ = 0.61 has the highest CE
= 74% for NA = 0.9 objective. Emitted light (56%) can be
collected by low NA (0.2) objective. The corresponding set of
grating parameters was chosen for experimental verification
and is marked on the map by a black dot. The generated power
density flow from the optimized structure is shown in Figure
3(c). The same level of CE (≈ 80%) with NA = 0.9 objective

can be reached by utilizing first Λ = λspp or second Λ = 3λspp/2
resonant regions marked by dashed lines on the map.
However, the second resonant region of CE maximum
corresponds to an outcoupled beam with emission angle θmax
= 24° and, therefore, is not chosen for experimental
investigations. The ridge aspect ratio W:H(HSQ) = 0:55 of
the marked spot is convenient for the e-beam lithography
procedure. A detailed description of the optimization
procedure of dipole separation from the substrate, number of

ridges, inner ridge radius (R0), and electromagnetic field
distribution profiles in the grating can be found in the SI.
The direction of outcoming emission θ with respect to the

surface normal is defined from the phase-matching condition

θ = ±k k NGsin( ) spp0 (1)

where kspp = k0Neff − SPP is the propagation constant, and k0 =
2π/λ0 is the wave vector of the free propagating wave. G = 2π/
Λ, where Λ is the grating period. λ0 is the wavelength of
scattered light in vacuum, λspp is the wavelength of propagating
SPP, and N is the grating order. Neff = (1 − χ)Neff(air) +
χNeff(HSQ) is the effective refractive index of the grating. χ =
W/Λ is the duty cycle. Neff = 1.29 for the optimized bull’s-eye
antenna, with Neff(air) = 1.06 and Neff(HSQ) = 1.44. The
calculation procedure for Neff is described in Kan et al.35

The efficiency of the outcoupling depends on the amplitude
of the local SPP field on the ridges. The field can be intensified
by matching resonances of multiple scattering of the SPP
induced by the periodic nature of dielectric ridges. The high
order Bragg resonances in multiple scattering are described by
the equation

λΛ = =n n/2, with 2, 3, 4, ...spp (2)

Matching the Bragg resonance condition increases the
efficiency of the plasmonic antenna in two ways. First, the
resonant back reflection from periodic ridges increases the
Purcell factor (PF) and, therefore, the local field on the
nanodiamond, which results in faster emission. Second, the
enhanced local field on the ridges intensifies the scattering and
positively influences the CE. SPP needs to travel fewer periods
to be completely scattered upward. Therefore, ohmic losses
have less effect. These two factors are illustrated in SI, Figure
S7.
The high-CE resonant lines in Figure 2(b,d) correspond to

Bragg resonances with orders n = 2 and n = 3 in eq 2. The case
n = 1, i.e., the structure period Λ = λspp/2, corresponds to the
total back reflection of the SPP, resulting in maximal
enhancement of the PF. However, the SPP field amplitude
on the ridges is minimal. The scattering process is not efficient,
and a directional beam is not produced in the case of n = 1.
For the first resonant line, n = 2, Λ = λspp, and θ = 0° defined

from eq 1. The radially polarized beam has zero intensity along
the surface normal (θ = 0°) because transverse field
components cancel each other on the symmetry axis.
Therefore, the emission maxima appear at a marginally larger
angle, which we estimate from the numerical calculation. For
example, for the n = 2 Bragg resonance, the angle θmax = 5°,
which is illustrated in Figure 2(c).
For the second resonant line, n = 3, Λ = 3λspp/2, and θ =

24°. For the third resonant line, n = 4, Λ = 2λspp, and θ = 40°.
The Bragg resonances with n > 4 are not considered because of
corresponding structure periods >800 nm, and therefore for 12
ridges, the structure radius >10 μm. At SPP propagation
distances >10 μm, ohmic losses make SPP scattering
inefficient. In our experiment, we utilized resonance with n =
2 and a corresponding Λ = 516 nm and a structure radius of 6
μm. Investigated bull’s-eye antenna is depicted in Figure 3.
The field profiles and far-field angular distributions corre-
sponding to n = 2, 3, 4 are presented in SI, Figure S7.
We note that even if Bragg resonance condition 2 is fulfilled,

the scattered efficiency can be suppressed because of
absorption of the SPP energy in metal under the ridges in

Figure 3. (a) Image of the bull’s-eye structure. (b) Fluorescence scan
of 2 × 2 μm2 central area including NV-ND and the first HSQ ridge
shown as a white circle. (c) On resonance power density flow from
the optimized plasmonic antenna.
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the case of resonant back-forth multiple reflections of the SPP
wave inside the ridge. That is the reason why CE along
resonant dashed lines in Figure 2(b,d) is not uniformly
maximal and drops around points (Λ,χ) = (560 nm, 0.4) for
the Λ = λspp line and (Λ,χ) = [(800 nm,0.55); (880 nm,0.25)]
for the Λ = 3λspp/2 line.
Having calculated the optimal parameters of the SPP

outcoupler, we turn to the experiment description. First of
all, we prepare the substrate. The 150 nm Ag layer is thermally
evaporated on the Si wafer and covered with a protective 20
nm SiO2 spacer using magnetron sputtering. The 3 nm Ti
adhesive layer is deposited between Ag and SiO2. Then, we
fabricate golden alignment markers to make reference points
for ND positioning and further alignment of bull’s-eye
structures around particles. Subsequently, we deposit NV-
NDs by spin-coating of the ND solution. The NDs containing
single color centers have a maximum size of ∼100 nm.
To determine the NV-NDs positions, we take fluorescent

maps under ∼200 μW of 532 nm CW laser excitation.
Henceforward, we report the power of the laser beam before
reaching the the objective pupil. The power in the objective
focal plane is diminished by factor six relatively to the
presented values. Positions are determined relative to align-
ment markers at the corners of a 27 × 27 μm2 area (SI, Figure
S3). We search for NDs with predominantly normal to the
surface dipole moment. We use a radially polarized excitation
laser beam which produces substantial normal to the surface
field component in the focal point and efficiently excites NV-
NDs with a dominant dipole moment along the Z-axis. Then,
we pick single-photon emitters by measuring autocorrelation
and characterize their spectrum, lifetime, saturation curve, far-

field emission profile, and polarization properties. We perform
all measurements at room temperature and use two λ = 532
nm lasers: a pulsed laser at 1 MHz for decay-rate measure-
ments and a CW laser for other measurements. After
precharacterization, we deposit HSQ bull’s-eye structures
around chosen NV-NDs using an e-beam negative resist
lithography procedure. Figure 3(a),(b) shows a scanning
electron microscope (SEM) image and a fluorescence scan
image, respectively. Subsequently, to estimate the effect of
coupling to the bull’s-eye grating, we repeat all described
characterization steps for the coupled emitter.
The fluorescence spectra of selected NV-ND before and

after coupling to the bull’s-eye antenna are presented in Figure
4(a). The fluorescence of NV-ND at room temperature has
fwhm = 100 nm. The presence of zero phonon lines (ZPL) at
637 and 575 nm indicates that the charge state of NV in the
ND flips between negative (NV−) and neutral (NV0). The
peak around 670 nm is evidence of proper operation of the
bull’s-eye structure, which we optimized for λ0 = 670 nm
emission.
The photoluminescence decay curves for NV-ND emission

before and after coupling are presented in Figure 4(c). The
decay curves are fitted by the biexponential model I = A1e

−t/τ1

+ A2e
−t/τ2, where τ1 and τ2 are characteristic lifetimes of decay

processes with amplitudes A1 and A2, respectively. We attribute
components of the double decay process to contributions from
both NV0 and NV− states with different lifetimes. The flipping
between two states can be seen in the spectra depicted by two
ZPLs in Figure 4(a). The average lifetime decreased from τuc =
10 ns before coupling to τc = 7 ns after coupling. We averaged
lifetime components obtained from fitting using the equation

Figure 4. Characterization of the NV-ND before (blue) and after (red) coupling to bull’s-eye grating under 532 nm CW optical excitation. (a)
Emission spectra: NV0 ZPL at 575 nm, NV− ZPL at 637 nm, and bull’s-eye grating resonance at 670 nm peaks are present. (b) Saturation of the
emission. (c) Fluorescence decay curves: raw data (points) and biexponential fit (solid lines). The inset shows the instrument response function
(IRF). (d) and (e) Autocorrelation functions for uncoupled and coupled NV-ND.
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τaverage = (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2), as we measured the
multiexponential decay lifetime utilizing time correlated single
photon counting (TCSPC).47 The lifetimes of NV centers in
nanodiamonds can vary from ∼10 to 50 ns.48 Also, the lifetime
is shortened in the presence of metal nearby NV-ND. Our NV-
ND is placed on top of the Ag film which can explain a short
∼10 ns lifetimes measured.
To check the quality of the radially polarized single-photon

emission, we measure the second-order correlation (g2)
presented in Figure 4(d,e). The chosen NV-ND shows a
g2(0) = 0.24, well below 0.5, indicating a single-photon emitter.
After fabricating the bull’s-eye antenna, we note an increase of
g2(0) to 0.49. This residual correlation count around τ = 0 s
can arise from the weak excitation of trace amounts of HSQ or
silver oxide molecules around NV-ND.
The saturation curves are presented in Figure 4(b). We

observe a 3-fold enhancement of saturated counts after
coupling to the plasmonic environment. The collected count
rate increases from Isat(uncoupled) = 150 Kcps to Isat(coupled)
= 440 Kcps. The saturation laser power changes from
Psat(uncoupled) = 0.6 mW to Psat(coupled) = 1.1 mW. Taking
into account τuc/τc = 1.4 times shortening of the emission
lifetime, we assume that an increase of the photon rate after
coupling to the plasmonic structure originates from the
efficient redirection of energy of SPP waves to the free space
in the shape of the collimated radially polarized beam. The
fitting model is given by equation I = Isat[P/(P + Psat)].
The redistribution of far-field intensity is shown in Figure

5(a),(b). Homogeneous intensity distribution from uncoupled
NV-ND transforms to a well-collimated radially polarized
beam with emission peaked at θmax = 7° and 11° divergence.
Divergence is defined as a half-width half-maximum of the
single emission lobe in the 2D projection of angular
distribution. The radial polarization of the outcoupled beam
is confirmed by measurements with a polarization analyzer in
the optical path and is shown in Figure 5(e),(f).

The angular emission patterns measured with a filter at 680
nm with an fwhm of ∼10 nm and for the broad emission
spectrum arepresented in Figure 5(c) and (g), respectively.
Spectral filtration results in reducing beam divergence to 6°
from 11°. Angular distribution of NV-ND emission before
coupling to bull’s-eye grating is shown in Figure 5(f). The
experimentally measured beam is more divergent than
simulated because of the fabrication imperfections. A large
part of the photons is emitted into an NA < 0.2. Therefore,
emission can be coupled to the multimode fiber without any
additional optics.
The higher CE values can be reached using high refractive

index materials for ridges.36 For example, a plasmonic antenna
with TiO2 (refractive index 2.2) ridges allows collecting 95% of
emission with 0.9 NA objective and 70% with 0.2 NA objective
(SI, Figure S9). The dominant reason for the CE increase is
enhancing the Purcell effect and the respective growth of the
emission rate. Also, fewer structure periods are needed to
outcouple the SPP energy if using high refractive index ridges.
The reduced structure size corresponds to the smaller SPP
propagation distance and, consequently, smaller ohmic losses.
We deposited HSQ ridges because of our fabrication
possibilities.
Despite the high CE, the beam divergence is higher for the

TiO2 structure than for the HSQ structure. The TiO2 structure
has a smaller effective emission area or, in other words, a
smaller beam waist which causes higher beam divergence. For
example, for optimized HSQ and TiO2 structures, correspond-
ing emission peaks appear at 5° and 8° correspondingly (SI,
Figure S9).
In conclusion, the proposed methodology allows for an

increase in the collected number of photons by 3 times and
obtain a well-collimated radially polarized single-photon beam,
with emission peak radiated at 7° with 11° divergence. Using
such a hybrid plasmonic device is a promising route for
efficient directional radially polarized single-photon sources

Figure 5. Far-field intensity distributions of NV-ND emission before (b) and after (a,c) coupling to a bull’s-eye grating. Solid black circle indicates
the limit of the field-of-view, corresponding to the NA = 0.9 of the objective (64°). (c−e) Far-field intensity distribution of coupled NV-ND
emission imaged without (c) and with horizontal (d) and vertical (e) analyzers. Images are normalized independently. (f−h) Experimentally
measured (red) and modeled (blue) angular distributions of emission intensity of NV-ND before coupling (f) and coupled to plasmonic grating for
(g) emission filtered at 680 ± 5 nm and (h) broad spectral range.

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://doi.org/10.1021/acsphotonics.1c00459
ACS Photonics 2021, 8, 2190−2196

2194

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00459/suppl_file/ph1c00459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00459/suppl_file/ph1c00459_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00459?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


requiring only very simple, cheap, and compact low-NA optics.
Furthermore, for emitters with narrow emission such as
germanium vacancy (GeV) centers in diamonds, these gratings
can be combined with Bragg gratings to obtain Purcell
enhancement together with high collection efficiency and
radial polarization of photons.
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