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Bullseye dielectric cavities
for photon collection
from a surface-mounted
quantum-light-emitter

Reza Hekmati?, John P. Hadden?, Annie Mathew?, Samuel G. Bishop?, Stephen A. Lynch' &
Anthony J. Bennett%?*

Coupling light from a point source to a propagating mode is an important problem in nano-photonics
and is essential for many applications in quantum optics. Circular “bullseye” cavities, consisting of
concentric rings of alternating refractive index, are a promising technology that can achieve near-
unity coupling into a first lens. Here we design a bullseye structure suitable for enhancing the emission
from dye molecules, 2D materials and nano-diamonds positioned on the surface of these cavities. A
periodic design of cavity, meeting the Bragg scattering condition, achieves a Purcell factor of 22.5 and
collection efficiency of 80%. We also tackle the more challenging task of designing a cavity for coupling
to a low numerical aperture fibre in the near field. Finally, using an iterative procedure, we study how
the collection efficiency varies with apodised (non-periodic) rings.

The ability to engineer the emission characteristics of point-like emitters is crucial in the creation of single
photon sources for applications in quantum computing and quantum communication'?. The source’s photon
collection efficiency (CE) and the emitter decay rate are two important figures of merit that can be tailored by
cavity design. Numerous cavity designs have been thoroughly investigated such as photonic crystals®*, micro-
pillars>® and nano-antenna’®.

Bullseye cavities, so called because of their resemblance to a bullseye target, consist of concentric rings of
alternating dielectrics. These have recently attracted considerable attention due to their unique ability to enhance
and direct emission from single photon sources into the far field over a broad spectral range®~"*. These bullseye-
cavities can offer enhancement to the photon collection efficiency and decay rate which is independent of the
orientation within the plane of an ideally positioned emitter'*. To date, reported bullseye structures are mainly
dielectric-based and lossless, a key advantage over plasmonic cavities, which include absorptive metals in the
high-field region”!>!¢. These advantages have led bullseyes to be used to enhance the performance of quantum
dots®, defect centres in diamond'”'%, and in two dimensional (2D) materials'"'*. Predicted values for spontaneous
emission rate enhancement in the literature for the bullseye structures are as high as 56%°.

Recently, a hybrid structure based on a bullseye has been reported in which a high Purcell factor over a broad
range of wavelengths with high collection efficiency is achieved?'. Inspired by the bullseye pattern, defects in
photonic crystals were recently proposed as a new platform for extremely high Purcell factor with high collection
efficiency?. A collection efficiency near unity can be achieved by utilising a low refractive-index SiO, dielectric
layer and a layer of gold as the mirror at the bottom of the structure®.

In this study, we demonstrate an approach to designing a bullseye structure to enhance the emission from
point sources just above the centre of the structure. This case is applicable to emitters in WSe, flakes laid over
the cavity, single dye molecules or nano-diamonds applied to the structure. The resultant cavity achieves high
collection efficiency (> 80%) and high Purcell factor (> 22.5) at the cavity resonance (750 nm). Subsequently, the
coupling condition between the emitter and the cavity is discussed where this analysis underlines the importance
of positioning in emitter-cavity systems. Finally, we study how the collection efficiency for coupling into a low
numerical aperture fibre varies when the ring dimensions are apodised in an iterative manner.

Cavity design. The structure in this work is depicted in Fig. 1a. It consists of a silicon substrate coated in a
150 nm reflective gold layer, hgij0, = 435 nm of SiO, and A0, = 200 nm of TiO,. A circular grating etched into
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Figure 1. Bullseye dielectric cavity structure. (a) 3D representation of the structure, consisting of TiO, rings
on a SiO, layer, above a gold mirror. The key dimensions of the structure are labelled. A dipole emitter is

in the middle of the central disc. (b) Collection efficiency (left y-axis) and the Purcell factor (right y-axis)

as a function of the wavelength for a 10 ring-pair cavity designed for 752 nm. Calculation performed with
Rtio, = 835nm, Wy;r = 140 nm, Wrjo, = 280 nm. The height of the dipole above the surface of the silica is
given by Z.

the TiO, layer consisting of a series of concentric rings centred around a disk with a radius of Rrio,. The width
of each ring is Wr;o, and the distance between two consecutive rings is Wa;,. The emitter is modelled as a dipole
on the surface of TiO, at the centre of a bullseye, at a height Z above the silica surface, using the Lumerical Finite
Difference Time Domain (FDTD) package. The Au layer acts as a mirror that helps to redirect emission toward
the collection optics.

A periodic circular grating, which satisfies the second-order Bragg condition for efficient vertical light extrac-
tion, should fulfil the phase matching condition for the periodicity, A = Wrio, + Wair = mA/2ne'**. In this
formula, m, A and nyg are an integer constant (m =1), the resonance wavelength and the effective transverse
electric (TE) mode index propagating inside the slab, respectively. As explained in Ates et al.>* a fully etched
grating provides better overlap of the guided field inside the slab and the etched region, higher guided wave
reflectivity, and higher quality factor, leading to a higher Purcell factor. Therefore, A = //nrg is considered as
the initial value for the grating period. Fig. 1b. shows the result of a simulation for a cavity with periodic rings as
a function of the dipole wavelength, which achieves a maximum Purcell factor of 22.5 and a collection efficiency
of 80% on resonance. In the following section we discuss in detail the design parameters explored to achieve the
aforementioned cavity performance.

Results

Simulations of an ideal periodic circular Bragg grating. The circular Bragg grating exhibits high
directionality of the radiated light from an emitter positioned in the centre of the structure. For concreteness, we
refer to the collection efficiency, n, as the fraction of the total dipole power, normalised by the power emitted by
the dipole, which is collected within a fixed numerical aperture (NA = 0.68), centred on the cavity.

In dielectric cavities the loss is considered to be negligible; therefore, the spontaneous emission rate enhance-
ment is equal to the Purcell factor®. In experiments, the Purcell factor quantifies the reduction in the dipole
transition’s radiative lifetime?. In simulations, the Purcell factor may be be determined by the ratio of the total
radiated power of a dipole inside the cavity, divided by the total radiated power of the dipole in an uniform
dielectric.

Key parameters in the design of the structure are the grating period, A =420 nm, the duty cycle Wrjo, /A =
0.67, and the central disk diameter. Figure 2a—d illustrates the Purcell factor and collection efficiency, respectively,
as a function of these parameters. We observe the resonances in the Purcell factor are narrower than in the col-
lection efficiency; this means the Purcell factor is highly susceptible to the designed wavelength, highlighting
the importance of accurate fabrication (also evident in Fig. 1b). In the case of the collection efficiency (Fig. 2¢,d)
the gold layer helps ensure some enhancement across a broad range of wavelengths. For a resonance wavelength
of 750 nm the highest performance is achieved with Rrio, = 835 nm and duty cycle 0.66. It is worth noting
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Figure 2. Bullseye cavity design. (a, b) Purcell factor as a function of the central disk diameter (a) and the
duty cycle (b), and wavelength. (¢, d) Collection efficiency into an ideal lens with an numerical aperture of 0.68
as a function of the central disk diameter (c), and the duty cycle (d) and wavelength. The optimal design for a
resonance wavelength of 750 nm is achieved with a central disk size of 1.67 um and a duty cycle of 0.66. The
simulated cavity contains 10 rings-periods. (a) and (c) used duty cycle 0.67. (b) and (d) used Rtip, = 1.67 pm.

that the design parameters that correspond to the maximum Purcell effect do not correspond to the maximum
collection efficiency, as visible in Fig. 2b and d below a duty cycle of 0.63. This highlights a key point in cavity
design: enhanced scattering of light into a lens is a loss mechanism that can reduce the intensity of light trapped
in the cavity, and therefore the Purcell effect.

The dipole-cavity coupling condition. Considering that suitable design parameters have been deter-
mined, one can explore the coupling relationship between the dipole and cavity. The formula that explains this
relationship is given by F, the Purcell factor?-2*;

e _ (A.( a7 )ﬁ?(?)ﬁ
(d1Z1) 1 macl?

The first term in Eq. (1) describes the spectral detuning between the emitter and the cavity mode, and it is
a function of the emitter-field spectral detuning (A). The dipole-cavity relation in terms of the wavelength is
depicted in Fig. 1b. When the dipole and the cavity are wavelength-matched, a Purcell factor of 22.5 and the
collection efficiency of 80% are achieved. According to the Fig. 1b, detuning the dipole wavelength away from
the cavity resonance presents, on average, a CE greater than 70% over a 4 nm bandwidth, and a CE above 60%
over a 25.4 nm bandwidth.

The second term in Eq. (1) quantifies the alignment between the field strength and orientation (¥) and the
dipole strength and orientation ( d )*. The optimised structure was designed for an in-plane dipole, 8 = 90°,
in which 6 is the polar angle between the z-axis and the dipole. Collection efficiency and the Purcell factor are
shown as red and blue in Fig. 3a. In the figure, two cases are investigated; when the dipole is placed 1 nm above

F = Fp (1)
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Figure 3. The effect of dipole orientation and displacement in the Bullseye cavity. (a) The Purcell factor as a
function of the polar angle of the dipole. 0° and 90° represent out-of-plane and in-plane dipoles, respectively.
(b) Purcell factor as a function of the dipole displacement in x and y-direction. (c) Collection efficiency as a
function of the dipole displacement in x and y-direction. (d) Collection efficiency (left y-axis) and Purcell factor
(right y-axis) as a function of the dipole position along the z-axis (x = y = 0). The system resonates at 752 nm.
Number of rings in both simulations is 10.

the TiO, layer (solid lines) and when the dipole is in the centre (z = 100 nm) of the TiO, disk (dashed lines). A
1 nm displacement above the device might be achieved by encapsulating the 2D emissive layer within hBN. We
see that the higher the angle of 6, the better the value of the collection efficiency and the Purcell factor. However,
even for a dipole with vertical orientation the CE is above 60% which is 2 orders of magnitude greater than in the
absence of the cavity. The emission pattern for a vertical dipole in free space follows a sin-squared dependence,
preferentially emitting into the plane. This is what the bullseye is designed to deal with: the periodic nature of the
rings scatters light out of plane to be collected by the lens. The fact that the collection efficiency is so high attests
to the good performance of the resonator in combination with a high numerical aperture lens.

The third term in Eq. (1) describes the spatial detuning of the emitter with respect to the cavity as expressed
by the ratio of the electric field (¢) at the emitter spatial position r, relative to the maximum electric field (&ax).
Figure 3b and ¢ shows the Purcell factor and the collection efficiency as a function of the displacement in x and
y directions, respectively. The Purcell factor drops by half when the dipole is displaced 70 nm from the centre. It
should be noted that the x and y displacement plots are not the same because the dipole is oriented along the x
axis. The collection efficiency (blue) and the relative Purcell factor (red) are also shown as a function of displace-
ment in the z-direction, for x = y = 0, in Fig. 3d. As one might expect, the Purcell factor is greatest at the centre
of the TiO, disk (z = 100 nm), but an appreciable enhancement can be seen when the emitter is at the surface.
Finally, Fp is a figure of merit representing the maximum enhancement of the spontaneous emission rate for a
source with zero spectral detuning, optimal polarisation orientation and ideal positioning of the emitter rela-
tive to the mode. When all conditions are achieved the maximum coupling between the emitter and the cavity
can be expressed by Fp = 3Q(Acav/ n)3 /4m? Ve where Q and V. are the quality factor and the effective mode
volume of the cavity, respectively?. We defined the mode volume (V) as [ ¢E2dV /max(¢E?) and according to
our calculation, V. ~ 0.076 pm>®.
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Figure 4. Dipole-cavity coupling efficiency. (a) Excitation enhancement rate for a dipole in the centre of the
cavity (red) and a dipole 1 nm above the disk (blue) as a function of the number of rings. Square and circular
shapes illustrate off-resonance (532 nm) and on-resonance (752.5 nm) excitation, respectively, exciting the
structure with a plane wave and monitoring the field intensity. (b) The radiative decay rate enhancement as a
function of the number of rings. (¢) The collection efficiency enhancement as a function of the number of rings.
In all plots, one can observe the general trend of increasing performance of the cavity with more rings. (d)
Effective enhancement for a dipole positioned at the centre of disk (blue) and a dipole positioned 1 nm above
the disk (red). In the simulations on a device with zero rings it still contains a central disc of dielectric with
Rrio, = 1.67 um which may enhance the figures of merit.

The effect of increased cavity periods. To quantify the effect of increased cavity periods, the effective
enhancement factor (EF)*! (or the brightness enhancement?') is investigated. It includes not only the enhance-
ment of the emission, but also the excitation. It is defined as:

< QE(Lem) % 1 (Zem)
QE® (Lem) no()bem)

In the above equation, the parameters with “0” in the superscript indicate the reference structure which is
defined as the planar layer of TiO, on SiO,/Au/Si substrate.

The first term in Eq. (2) is an enhancement ratio of the excitation for the bullseye structure compared to the
reference structure when the structures are excited by a plane wave and the field is monitored at the point of the
emitter. Figure 4a depicts this term in the above equation. Two excitation wavelengths were investigated; 532 nm
(relevant to off-resonance excitation) and 752.5 nm (on-resonance excitation, at the wavelength of the cavity).
At both wavelengths, increasing the number of rings leads to a greater enhancement factor; however, when the

Yexc (Aexc)

EF) .5
(EF) 4 Ve(lc (Aexc)

)
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dipole is placed 1 nm on top of the disk, resonance excitation enhances by a factor of ~ 3.45 in comparison to
off-resonance excitation. For the dipole embedded at the centre of the disk, this ratio is approximately 15.9.

The second term in Eq. (2) quantifies the ratio of the quantum efficiency (yield) enhancement at the wavelength
of the emission. Quantum efficiency in the emitter-cavity system is defined as QE = ¥y44/(Vrad + Vurad + Vioss)
in which y44, Vurad> and yi,ss are radiative decay rate, non-radiative decay rate, and loss, respectively. In dielectric
cavity systems, the loss is negligible. For emitters with a poor intrinsic quantum yield like emitters in exfoli-
ated 2D materials®, it can be assumed that y,,;44 > yr?z 4> Yrads therefore, the quantum efficiency is simplified to
QE/QE® = y,4/ yr% 4 Figure 4b shows the relative decay rate enhancement as a function of the number of rings.

The final term in Eq. (2) is the relative collection efficiency. The collection efficiency enhancement (17/ n°) is
shown in Fig. 4c. Increasing the number of rings increases these separate figures of merit. The product of these
terms results in the enhancement of the photon rate extracted under CW excitation. For on-resonant (off-
resonant) excitation, the enhancement factor for the dipole at the centre of the disk tends to a value of 14,500
(~910) as the number of rings increases whereas the same value for a dipole 1nm above the disk is around ~
6610 (~ 1910). (shown in Fig. 4d).

Increasing collection efficiency into an optical fibre by apodization.  The fact that bullseye cavities
are flat, rotationally symmetric and highly directional makes them suitable for direct coupling to single mode
fibre. Indeed, directly bonding fibres to these efficient structures could be a route to creating robust, compact
and connectorised quantum light sources used in real world applications®*-**. However, to obtain high collection
efficiency the cavity must match the mode field diameter and NA of the fibre. Here we design a cavity for this
application with concentric non-periodic rings, which allows us to vary the mode extent and NA. We refer to this
variation of ring dimensions as apodization. The large number of variables in the design makes finding a global
maximum efficiency non-trivial. Therefore, we approach this problem by iteratively varying each ring in turn, as
discussed below. We consider a commercially available single-mode fibre, Thorlabs 630HP, with a core radius of
1750 nm and core (cladding) extending outside of the simulation region, refractive indices of 1.46 (1.45) and NA
= 0.13, fixed above the structure. To calculate CE we summed far field emission within the numerical aperture
of 0.13 and compared it to the emission into all directions.

Figure 5a depicts collection efficiency as a function of ring period and duty cycle for a cavity with a fixed
central disk dimension and only one ring (k = 1). Three areas are highlighted with circles; the yellow circle shows
the result for a the single ring that meets the Bragg condition, giving collection efficiency of 2.2%. The purple
circle indicates the highest collection efficiency of 6.7% (ring period 1428 nm, duty cycle 0.36). The blue circle
indicates the highest achieved Purcell factor of 4.4 (ring period 1100 nm, duty cycle 0.60, Fig. 5b). Again, we
notice that the highest collection efficiency does not coincide with the highest Purcell factor, as the additional
loss implied by efficient photon collection leads to a lower field in the cavity. We aim to achieve higher collec-
tion efficiency, therefore we fix the ring period at 1428 nm and duty cycle 0.36 for the subsequent stages of the
iterative design process.

We then include a second ring and vary its dimensions, as shown in Fig. 5c and d. The blue circle highlights
the highest collection efficiency of 13.4% for the ring period and duty cycle of 1214 nm and 0.28, respectively.
Fixing the dimensions of the second ring, one can then vary the dimensions of the third ring, as shown in Fig. 5e
and f. We continue with this iterative process up to 5 rings, and the results are shown in Fig. 6¢c compared to the
figures of merit for a Bragg cavity with the a same number of rings. Apodisation leads to higher collection efficien-
cies than that of the uniform Bragg cavity for 5 or fewer periods. However, the increasing collection efficiency
as a function of the number of rings saturates around k = 5. This is to be expected, as at this point the extent of
the rings is outside the mode field diameter of the fibre. Figure 6a and b summarises the result of this iterative
optimisation on the period and duty cycle and Fig. 6d shows the resulting Purcell factor for the apodized and
non-apodized structures. Underlining the trade-off between achieving high efficiency and high Purcell effect,
we see that the efficiency-optimised apodized structure has a lower Purcell effect than the Bragg cavity. It may
be possible to further increase the collection efficiency by introducing a non-uniform etch between rings* or a
mode matching element or dielectric between the cavity and the fibre®.

Discussion

We have investigated the ability of “bullseye” cavities to enhance an emitter on the surface of the structure,
which is relevant for future work in nano-optics and quantum technology with 2D materials, dye molecules
and nano-diamonds. These are all physically interesting systems that may form key elements in future quantum
technologies, especially if one can make efficient, fibre coupled quantum light sources. Future research could
focus on the ability of these cavities to be robust to fabrication imperfections in the definition of the etched rings
or their sidewall roughness. The design challenge of optimising the bullseye parameter with the multi-parameter
optimisation (computationally intensive), or step-wise optimisation (prone to being trapped in local minima)
may better solved by an approach based on inverse design, machine learning or a genetic algorithm, which would
be an interesting topic of future work.
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Figure 5. Apodization results for the bullseye structure. (a, ¢, e) Collection efficiency and (b, d, f) Purcell factor
as a function of ring period and duty cycle for the first ring (k = 1), the second ring (k = 2), and the third ring

(k = 3), respectively. Circles highlight points where the design meets the Bragg condition (yellow), the highest
collection efficiency (purple) and the highest Purcell factor (blue). After the collection efficiency is maximised
for a ring, it is fixed in dimension before next ring is added and optimised. For these simulations the fibre is
included 2 microns above the bullseye and the field imaged 3 microns above the bullseye. This field is used to
generate the far field emission pattern.
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10.17035/d.2022.0218102868.

Received: 7 September 2022; Accepted: 27 March 2023
Published online: 31 March 2023

References
1. Barnes, W. L. et al. Solid-state single photon sources: Light collection strategies. Eur. Phys. J. D 210, 197-210. https://doi.org/10.
1140/epjd/e20020024 (2002).
2. Kuhn, A. & Ljunggren, D. Cavity-based single-photon sources. Contemp. Phys. 51, 289-313. https://doi.org/10.1080/0010751100
3602990 (2010).
3. Akahane, Y. et al. High-Q photonic nanocavity in a two-dimensional photonic crystal. Nature 425, 944-947. https://doi.org/10.
1038/nature02063 (2003).
4. Englund, D. et al. Controlling the spontaneous emission rate of single quantum dots in a two-dimensional photonic crystal. Phys.
Rev. Lett. 95, 013904. https://doi.org/10.1103/PhysRevLett.95.013904 (2005).
5. Santori, C. et al. Indistinguishable photons from a single-photon device. Nature 419, 594-597. https://doi.org/10.1038/nature01086
(2002).
6. Bennett, A.J. et al. A semiconductor photon-sorter. Nat. Nanotechnol. 11, 857-860. https://doi.org/10.1038/nnano.2016.113 (2016).
7. Chikkaraddy, R. et al. Single-molecule strong coupling at room temperature in plasmonic nanocavities. Nature 535, 127-130.
https://doi.org/10.1038/nature17974 (2016).
8. Sapienza, L. et al. Nanoscale optical positioning of single quantum dots for bright and pure single-photon emission. Nat. Commun.
6, 7833. https://doi.org/10.1038/ncomms8833 (2015).
9. Andersen, S. K. et al. Hybrid plasmonic bullseye antennas for efficient photon collection. ACS Photon. 5, 692-698. https://doi.org/
10.1021/acsphotonics.7b01194 (2018).
10. Wang, H. et al. On-demand semiconductor source of entangled photons which simultaneously has high fidelity, efficiency, and
indistinguishability. Phys. Rev. Lett. 122, 113602. https://doi.org/10.1103/PhysRevLett.122.113602 (2019).
11. Duong, N. M. H. et al. Enhanced emission from WSe2 monolayers coupled to circular Bragg gratings. ACS Photon. 5, 3950-3955.
https://doi.org/10.1021/acsphotonics.8b00865 (2018).
12. Zheng, J. et al. Chirped circular dielectric gratings for near-unity collection efficiency from quantum emitters in bulk diamond.
Opt. Express 25, 26. https://doi.org/10.1364/OE.25.032420 (2017).
13. Yao, B. et al. Design for hybrid circular Bragg gratings for a highly efficient quantum-dot single-photon source. J. Korean Phys.
Soc. 73, 1502-1505. https://doi.org/10.3938/jkps.73.1502 (2018).
14. Davango, M. et al. A circular dielectric grating for vertical extraction of single quantum dot emission. Appl. Phys. Lett. 99, 041102.
https://doi.org/10.1063/1.3615051 (2011).

Scientific Reports |

(2023) 13:5316 | https://doi.org/10.1038/s41598-023-32359-0 nature portfolio


https://doi.org/10.1140/epjd/e20020024
https://doi.org/10.1140/epjd/e20020024
https://doi.org/10.1080/00107511003602990
https://doi.org/10.1080/00107511003602990
https://doi.org/10.1038/nature02063
https://doi.org/10.1038/nature02063
https://doi.org/10.1103/PhysRevLett.95.013904
https://doi.org/10.1038/nature01086
https://doi.org/10.1038/nnano.2016.113
https://doi.org/10.1038/nature17974
https://doi.org/10.1038/ncomms8833
https://doi.org/10.1021/acsphotonics.7b01194
https://doi.org/10.1021/acsphotonics.7b01194
https://doi.org/10.1103/PhysRevLett.122.113602
https://doi.org/10.1021/acsphotonics.8b00865
https://doi.org/10.1364/OE.25.032420
https://doi.org/10.3938/jkps.73.1502
https://doi.org/10.1063/1.3615051

www.nature.com/scientificreports/

15. Russell, K. J. et al. Large spontaneous emission enhancement in plasmonic nanocavities. Nat. Photon. 6, 459-462. https://doi.org/
10.1038/nphoton.2012.112 (2012).

16. Hoang, T. B. et al. Ultrafast room-temperature single photon emission from quantum dots coupled to plasmonic nanocavities.
Nano Lett. 16, 270-275. https://doi.org/10.1021/acs.nanolett.5b03724 (2015).

17. Li, L. et al. Efficient photon collection from a nitrogen vacancy center in a circular bullseye grating. Nano Lett. 15, 1493-1497.
https://doi.org/10.1021/n1503451j (2015).

18. Waltrich, R. et al. A high-purity single photons obtained with moderate-NA optics from SiV center in nanodiamonds on a bullseye
antenna. New. J. Phys. 25, 113022. https://doi.org/10.1088/1367-2630/ac33£3 (2021).

19. Iff, O. et al. Purcell-enhanced single photon source based on a deterministically placed WSe2 monolayer quantum dot in a circular
Bragg grating cavity. Nano Lett. 21, 4715. https://doi.org/10.1021/acs.nanolett.1c00978 (2021).

20. Rickert, L. et al. Optimized designs for telecom-wavelength quantum light sources based on hybrid circular Bragg gratings. Opt.
Express 27, 36824. https://doi.org/10.1364/0e.27.036824 (2019).

21. Abudayyeh, H. et al. Overcoming the rate-directionality tradeoff: A room-temperature ultrabright quantum light source. ACS
Nano 15, 17384. https://doi.org/10.1021/acsnano.1c08591 (2021).

22. Li, L. et al. Field-based design of a resonant dielectric antenna for coherent spin-photon interfaces. Opt. Express 29, 16469. https://
doi.org/10.1364/0e.419773 (2021).

23. Wang, H. et al. Towards optimal single-photon sources from polarized microcavities. Nat. Photon. 13, 770-775. https://doi.org/
10.1038/s41566-019-0494-3 (2019).

24. Ates, S. et al. Bright single-photon emission from a quantum dot in a circular Bragg grating microcavity. IEEE J. Sel. Top. Quant.
Electron. 18, 1711-1721. https://doi.org/10.1109/JSTQE.2012.2193877 (2012).

25. Krasnok, A. E. et al. An antenna model for the Purcell effect. Sci. Rep. 5, 12956. https://doi.org/10.1038/srep12956 (2015).

26. Crook, A. L. et al. Purcell enhancement of a single silicon carbide color center with coherent spin control. Nano Lett. 20, 3427-3434.
https://doi.org/10.1021/acs.nanolett.0c00339 (2020).

27. Unitt, D. C. et al. Polarization control of quantum dot single-photon sources via a dipole-dependent Purcell effect. Phys. Rev. B
72, 033318. https://doi.org/10.1103/PhysRevB.72.033318 (2005).

28. Fox, M. Quantum Optics: An Introduction (Oxford University Press, 2006).

29. Purcell, E. M. Spontaneous emission probabilities at radio frequencies. Phys. Rev. 69, 681. https://doi.org/10.1007/978-1-4615-
1963-8_40 (1946).

30. Bennett, A. J. et al. Observation of the Purcell effect in high-index-contrast micropillars. Appl. Phys. Lett. 90, 191911. https://doi.
0rg/10.1063/1.2736292 (2007).

31. Sortino, L. et al. Enhanced light-matter interaction in an atomically thin semiconductor coupled with dielectric nano-antennas.
Nat. Commun. 10, 5119. https://doi.org/10.1038/s41467-019-12963-3 (2019).

32. Amani, M. et al. Near-unity photoluminescence quantum yield in MoS2. Science 350, 1065-1068. https://doi.org/10.1126/scien
ce.aad2114 (2015).

33. Zolnacz, K. et al. Method for direct coupling of a semiconductor quantum dot to an optical fiber for single-photon source applica-
tions. Opt. Express 27, 26772. https://doi.org/10.1364/0e.27.026772 (2019).

34. Bremer, L. et al. Quantum dot single-photon emission coupled into single-mode fibers with 3D printed micro-objectives. APL
Photon. 5, 106101. https://doi.org/10.1063/5.0014921 (2020).

35. Northeast, D. B. et al. Optical fibre-based single photon source using InAsP quantum dot nanowires and gradient-index lens col-
lection. Sci. Rep. 11, 22878. https://doi.org/10.1038/s41598-021-02287-y (2021).

Acknowledgements

This work was performed using the computational facilities of the Advanced Research Computing @ Cardiff
(ARCCA) Division, Cardiff University. We acknowledge financial support provided by EPSRC via Grant No.
EP/T017813/1 and EP/T001062/1. We thank Dr Alex Clark for useful discussions on the design of the cavities.
A M. would like to thank Oxford Instruments Plasma Technology Bristol, UK for partial funding. R.H., A M.,
J.P.H and A.].B. acknowledge the Welsh Government’s Sér Cymru funding to Cardiff University.

Author contributions

R.H.: methodology, Investigation, visualisation, writing—original draft, writing—review and editing, data cura-
tion. J.P.H.: methodology, writing—review and editing. A.M.: writing—review and editing. S.B.: writing—review
and editing. S.A.L.: supervision, writing—review and editing. A.J.B.: conceptualisation, supervision, writing—
original draft, writing—review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.J.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5316 | https://doi.org/10.1038/s41598-023-32359-0 nature portfolio


https://doi.org/10.1038/nphoton.2012.112
https://doi.org/10.1038/nphoton.2012.112
https://doi.org/10.1021/acs.nanolett.5b03724
https://doi.org/10.1021/nl503451j
https://doi.org/10.1088/1367-2630/ac33f3
https://doi.org/10.1021/acs.nanolett.1c00978
https://doi.org/10.1364/oe.27.036824
https://doi.org/10.1021/acsnano.1c08591
https://doi.org/10.1364/oe.419773
https://doi.org/10.1364/oe.419773
https://doi.org/10.1038/s41566-019-0494-3
https://doi.org/10.1038/s41566-019-0494-3
https://doi.org/10.1109/JSTQE.2012.2193877
https://doi.org/10.1038/srep12956
https://doi.org/10.1021/acs.nanolett.0c00339
https://doi.org/10.1103/PhysRevB.72.033318
https://doi.org/10.1007/978-1-4615-1963-8_40
https://doi.org/10.1007/978-1-4615-1963-8_40
https://doi.org/10.1063/1.2736292
https://doi.org/10.1063/1.2736292
https://doi.org/10.1038/s41467-019-12963-3
https://doi.org/10.1126/science.aad2114
https://doi.org/10.1126/science.aad2114
https://doi.org/10.1364/oe.27.026772
https://doi.org/10.1063/5.0014921
https://doi.org/10.1038/s41598-021-02287-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bullseye dielectric cavities for photon collection from a surface-mounted quantum-light-emitter
	Cavity design. 
	Results
	Simulations of an ideal periodic circular Bragg grating. 
	The dipole-cavity coupling condition. 
	The effect of increased cavity periods. 
	Increasing collection efficiency into an optical fibre by apodization. 

	Discussion
	References
	Acknowledgements


