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Single photons are appealing candidates for quantum commu-
nications1,2, quantum-enhanced metrology3,4 and quantum 
computing5,6. Given such quantum information applications, 

the single photons need to be controllably prepared with high effi-
ciency into a given quantum state. Specifically, the single photons 
should possess the same polarization, spatial mode and transform-
limited spectrotemporal profile for a high-visibility Hong–Ou–
Mandel-type quantum interference1,7.

So far, self-assembled quantum dots show the highest quantum 
efficiency among solid-state quantum emitters and thus have the 
potential to serve as an ideal single-photon source8,9,10,11,12,13,14,15. 
There has been encouraging progress in recent years in develop-
ing high-performance single-photon sources11. Pulsed resonant 
excitation on single quantum dots has been developed to eliminate 
dephasing and time jitter, creating single photons with near-unity 
indistinguishability15. Furthermore, by combining resonant excita-
tion with Purcell-enhanced micropillars16,17 or photonic crystals18,19, 
the generated transform-limited20,21 single photons have been effi-
ciently extracted out of the bulk and funnelled into a single mode 
at far field.

Despite recent progress16,17,18,19,20,21,22, the experimentally achieved 
polarized single-photon efficiency (defined as the number of 
single-polarized photons extracted from the bulk semiconductor 
and collected by the first lens per pumping pulse) was found to be 
only ~33% in ref. 16 and ~15% in ref. 17, still short of the minimally 
efficiency of 50% required for boson sampling to show a computa-
tional advantage over classical algorithms23 and below the efficiency 

threshold of 67% needed for photon-loss-tolerant encoding in clus-
ter-state models of optical quantum computing24. It should be noted 
that a <50% single-photon efficiency would render nearly all linear 
optical quantum computing schemes1,5 not scalable.

This indistinguishable single-photon source efficiency has 
remained a persistent problem for years for two main reasons. First, 
in previous experiments16,20,22 that relied on the optically bright, 
doubly-degenerate transitions in singly-charged quantum dots, 
the optical selection rule dictates that the resonance fluorescence 
photons are randomly right or left circularly polarized. For many 
quantum information applications that require input single photons 
in a fixed polarization state, passive polarization filtering is needed 
to project into a single polarization, which reduces the system effi-
ciency by at least a factor of two.

The second reason is associated with the use of the resonant exci-
tation method, which requires suppression of the pump laser light 
having the same frequency as the single photons. So far, the most 
effective method is polarization filtering15,25, where a linearly polar-
ized laser excites the quantum dot, and a cross polarizer in the col-
lection arm extinguishes the scattering laser background. However, 
such polarization filtering again reduces the system efficiency of the 
quantum-dot single photons by at least a factor of two. One possible 
remedy is to excite the quantum dot from the side into the wave-
guide mode of the micropillar and collect single photons from the 
top. Yet, the spatially orthogonal excitation–collection methods26,27 
were only attempted in low-Purcell and non-polarized quantum 
dot devices and did not realize background-free, high-performance 
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single-photon sources. Therefore, overcoming the outstanding 
challenge of 50% efficiency loss has remained the most difficult and 
final challenge in achieving an ultimate high-performance single-
photon source, both theoretically and technologically.

Theoretical scheme
To develop a polarized single-photon source with simultaneously 
near-unity system efficiency and near-unity indistinguishability,  
(1) we break the original polarization symmetry of the quantum  
dot emission and (2) we develop a new way to achieve background-
free resonance fluorescence without sacrificing system efficiency. 
Here, we propose a feasible proposal that achieves both and report 
its experimental demonstrations. A general framework of our  
protocol is shown in Fig. 1a. The key idea is to couple a single 
quantum dot to a geometrically birefringent cavity in the Purcell 
regime. The asymmetric microcavity is designed such that it lifts the 
polarization degeneracy of the fundamental mode and splits it into  
two orthogonal linearly polarized—horizontal (H) and vertical 
(V)—modes, with a cavity linewidth of δω and a frequency separa-
tion of Δω. Suppose a single-electron charged quantum dot, which 
is a degenerate two-level system, is brought into resonance with 
the cavity H mode, and off-resonant with the cavity V mode with a 
detuning of Δω. The cavity redistributes the spontaneous emission 
rate of the quantum emitter into the H and V polarizations with 
a ratio of 1 + 4(Δω/δω)2:1 (see Supplementary Information). For a 
series of realistic Purcell factors, the extraction efficiency of polar-
ized single photons is plotted in Fig. 1b. For example, with a Purcell 
factor of 20 and Δω/δω = 3, the polarized single-photon extraction 
efficiency is 93%.

Having singled out a polarized two-level system, we also need 
to develop a way to resonantly drive the quantum dot transition 
and obtain near-background-free collection of the resonance flu-
orescence, which is another outstanding challenge in itself. Our 
method is compatible with the cross-polarization technique but has 
little loss of single-photon system efficiency. The excitation laser’s 
polarization is set to be V, while in the output, an H polarizer—
aligned with the dominant polarization of the Purcell-enhanced 
single photons—is used to extinguish pump laser scattering. Note 
that our protocol favours a suitable Δω/δω ratio, practically in the 
range of 1.5–3. As the V-polarized excitation laser off-resonantly 
couples to the V-cavity mode at the emitter’s transition (Fig. 1a), the 
π-pulse driving power needs to be moderately stronger than with an  

isotropic microcavity (the increase factor is calculated and plotted 
in Fig. 1b). For example, at Δω/δω = 2.5, the excitation laser power 
is estimated to be approximately seven times higher.

This protocol is applicable in many photonic structures8,9,10,11, 
including micropillars16,17,20, bullseyes28,29, microdisks30, nanow-
ires31,32 and photonic crystals18,19. Here, we demonstrate our proto-
col by resonant excitation of single quantum dots deterministically 
embedded in two types of polarized microcavity—elliptical micro-
pillars (narrowband) and elliptical Bragg gratings (broadband)—for 
the generation of single-polarized single-photon sources with both 
high system efficiency and near-unity indistinguishability.

elliptical micropillar
GaAs/InAs micropillars with elliptical cross-section were first stud-
ied by Gayral and others in 1998, who observed a splitting of the 
degenerate fundamental modes of the cavity33. It was shown that 
the two split modes were linearly polarized, aligned in parallel with 
the major and minor axes of the elliptical cross-section34,35. Single 
GaAs/InAs quantum dots embedded in such elliptical micropil-
lars showed polarization-dependent Purcell enhancement36,37 and 
single photons were preferentially generated in a single polarized 
state33,34,35,36,37,38,39 with up to 44% extraction efficiency39. However, 
all previous work with elliptical micropillars was performed with 
non-resonant excitation, which degraded the purity of the emit-
ted photons. Moreover, neither high collection efficiency nor high 
indistinguishability was realized in the first generation of elliptical 
micropillar devices.

In this work, we use two-colour photoluminescence imag-
ing to determine the position of single quantum dots preselected 
with bright emission and narrow linewidth29. With suitably low 
quantum dot density (~4 × 107 cm−2), the wide-field optical imag-
ing method can obtain a position accuracy of ~22 nm (Fig. 2a and 
Supplementary Information). This allows us to deterministically 
etch the micropillar with the quantum dot in the centre of the cav-
ity, which is important for optimal emitter–cavity coupling.

The micropillar devices in our experiment have elliptical cross-
sections (Fig. 2a) with a major (minor) axis diameter of 2.1 µm 
(1.4 µm). The elliptical micropillar is characterized using non-res-
onant excitation with an ~780 nm continuous-wave laser at high 
power. Figure 2b shows the two non-degenerate fundamental cav-
ity modes33,35,36,37,38,39 at 896.54 nm (labelled as M1) and 897.04 nm 
(labelled as M2), respectively, with a splitting of 183 GHz. The M1 
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Fig. 1 | Theoretical scheme of a polarized single-photon source by resonantly pumping a quantum emitter in a birefringent microcavity. a, The 
asymmetric cavity supports two-fold non-degenerate cavity modes, one in the horizontal (H) polarization and the other one in the vertical (V) polarization. 
We bring the emitter into resonance with the H mode, where single photons are preferentially prepared due to polarization-selective Purcell enhancement. 
The V cavity mode, suitably detuned from the emitter, provides laser excitation. A V-polarized laser pulse is weakly coupled to the H mode due to a small 
overlap between the two cavity modes, and thus can pump the two-level system to its excited state with higher power. b, System efficiency of preparing 
polarized single photons as a function of the ratio of the cavity splitting to the cavity linewidth. Examples with four different Purcell factors, FP, are plotted. 
The dashed line shows the increase factor of the pump laser power required for a deterministic π pulse, compared to the case of a micropillar with circular 
cross-section.
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and M2 modes correspond to the minor and major axes, with quality 
factors of 4,075 and 5,016, respectively. The modest reduction of the 
quality factor of M1 compared to M2 is due to the smaller micropil-
lar diameter. Polarization-resolved measurements (Fig. 2c) confirm 
that the polarization of M1 (M2) is parallel to the minor (major) axis, 
which we label as V (H), with a high degree of polarization of 99.7% 
(99.6%), which confirms the symmetry-broken, highly-polarized 
nature of the microcavity.

elliptical Bragg grating
Circular Bragg grating bullseye microcavities, which tightly con-
fine the light in a sub-λ transverse plane, were previously fabricated 
on quantum dots28,29 and diamond nitrogen-vacancy centres40 to 
enhance their collection efficiencies. Recently, a thin low-refractive-
index SiO2 layer and a gold mirror31,41,42,43,44,45,46,47 were added at the 
bottom of the bullseye to redirect the downward propagating light 
towards the top, thus improving the collection efficiency to near 
unity. Here, we break the polarization symmetry of the circular Bragg 
grating and design it as a geometrically birefringent Purcell cavity.

The spectral resonance of the bullseye cavity is very sensitive to 
the radius of the central disk and the grating period. It was pre-
viously shown that a 1 nm change in the central disk radius (grat-
ing period) causes a 1.14 nm (0.25 nm) shift in the cavity mode46.  
Thus, a 1% ellipticity, which is 23 times smaller than that of our 

elliptical micropillar, is sufficient to induce a suitable cavity mode 
splitting. This is favourable for producing a near-Gaussian far-field 
emission profile.

Assisted by finite-different time-domain simulations, we 
designed the elliptical Bragg grating (Fig. 2d) with a central ellipti-
cal disk with a major (minor) axis of 770 nm (755 nm), surrounded 
by an elliptical grating with a period of 380 nm (372 nm) for the 
major (minor) axis, with fully etched 100-nm-wide trenches (see 
Supplementary Information for the detailed fabrication process). 
The cavity mode of our fabricated bullseye device (Fig. 2e) splits 
into a doublet (labelled as B1 and B2 in the V and H polarizations, 
respectively). The splitting is 2.8 THz, which is 1.5 (1.3) times larger 
than the linewidth of B1 (B2). The broadband nature of the bullseye 
geometry greatly facilitates the emitter–cavity spectral alignment. As 
shown in Supplementary Fig. 7, the design can ideally yield a high 
Purcell factor of >20 in a wavelength range of a few nanometres.

Polarized indistinguishable single photons
The samples are placed inside a bath cryostat with a lowest tempera-
ture of 1.5 K. A confocal microscope is used to excite the quantum 
dot and collect the emitted single photons. Following the protocol 
shown in Fig. 1a, driven by a V-polarized laser, H-polarized single 
photons from the Purcell-enhanced M2 cavity spectrally resonant 
with a charged quantum dot are created and collected into the  

0

45

90

135

180

225

270

315

M1
M2

a

d

b c
2.1 µm 1.4 µm

e f

896 897 898
0

50

100

150

200

250

M2

In
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

∆ω = 183 GHz

∆ω = 2.8 THz

δω1 = 82 GHz

δω1 =
1.9 THz

δω2 =
2.2 THz

 δω2 = 66 GHz

M1

B2B1

360 nm SiO2

100 nm Au

0 0.5 1.0

0.01

0.1

1

0 1 2 3

0.5

1 QDs in slab

Time (ns)

QD in bullseye
QD in micropillar

In
te

ns
ity

 (
a.

u.
)

Time (ns)

880 885 890 895 900
0

50

100

150

200
In

te
ns

ity
 (

a.
u.

)

Wavelength (nm)

Fig. 2 | Characterization of the elliptical micropillar and elliptical Bragg grating. a, Illustration of the InGaAs quantum-dot elliptical micropillar device 
used in this work, which has a major (minor) axis of 2.1 µm (1.4 µm). The quantum dot is sandwiched between 25.5 (15) λ/4-thick AlAs/GaAs mirror pairs 
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measurement of the two cavity modes, which are perpendicular to one another. The degree of polarization of the M1 and M2 modes is 99.7% and 99.6%, 
respectively. d, Schematic structure of the elliptical Bragg grating, which consists of a central elliptical disk, surrounding elliptical grating and fully etched 
trenches. A thin low-refractive-index SiO2 layer and a gold mirror were added at the bottom of the Bragg grating, followed by a 500-nm-thick SU-8 
and 500 µm silicon substrate. The red dot indicates the position of the coupled quantum dot. e, Two non-degenerate modes of broadband bullseye 
cavity, B1 and B2, with a splitting of 2.8 THz, which are 1.5 (1.3) times larger than the linewidth of B1 (B2). The investigated quantum dot is resonant with 
B2. f, Radiative lifetime of the quantum dots coupled to the bullseye cavity (red) and in the micropillar cavity (blue), which is 69.1 (1) ps and 61.0 (1) ps, 
respectively, measured using a superconducting nanowire single-photon detector with a time resolution of 20 ps. Inset: data of the lifetime (~1.1 ns) of the 
quantum dots (QDs) in the slab from the same area.
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output of the microscope with an ~107:1 cross-polarization extinc-
tion of the scattered laser background. We first study the emitter– 
cavity coupling and measure the Purcell factors in both devices. 
With time-resolved resonance fluorescence measurements (Fig. 2f), 
the radiative lifetime for the single quantum dots coupled to the 
elliptical micropillar and the elliptical Bragg grating are ~61.0(1) ps 
and ~69.1(1) ps, respectively, ~17.8 and ~15.7 times shorter than  
the average lifetime (~1.09 μs) of more than 20 quantum dots in 
the slab from the same area. Such high Purcell factors serve to  
efficiently funnel the spontaneous emission into a single output 
mode and additionally to reduce the influence of dephasing on the 
indistinguishability48.

Figure 3a shows the detected resonance fluorescence single pho-
tons as a function of the driving field amplitude, and a full Rabi 
oscillation curve is observed. With a pumping repetition rate of 
76 MHz and using a π pulse, ~13.7 million photon counts per sec-
ond are detected by a single-mode fibre-coupled superconduct-
ing nanowire single-photon detector with an efficiency of ~76%. 
A comparison experiment is performed where we excite the dot 
with an H-polarized laser and collect V-polarized single photons 
(Fig. 1a). As shown in Fig. 3b, using a π pulse, only ~0.54 million 
photons per  second are detected. We estimate a degree of polar-
ization—defined as (IH − IV)/(IH + IV), where IH(IV) denotes the 
detected intensity of H- (V-) polarized photons—of 92.3% for the 
generated single photons from the polarized micropillar device. 
Thus, the single-photon source suffers a loss of 3.8% due to polar-
ization, whereas the previous resonance fluorescence experiments 
lost at least 50% photons in polarization filtering16,17,20,22. Similarly, 
we have also observed polarized resonance fluorescence for  

quantum dot two-level systems in the bullseye membrane structure. 
The finally detected polarized single-photon count rate is 12.4 mil-
lion per second for a π pulse.

A detailed photon loss budget analysis for both devices, includ-
ing quantum radiative efficiency, blinking, collection optics, optical 
path transmission efficiency and single-mode fibre coupling, is pre-
sented in the Supplementary Information. For the elliptical micro-
pillar–quantum dot device, the polarized single-photon efficiency is 
measured to be 0.60(2), where the dominant loss mechanisms are 
imperfect sidewall scattering49 (~22.8%), mode leakage (~5.3%) and 
imperfect internal quantum efficiency (including the excited-state 
preparation efficiency at the π pulse and the radiative efficiency of 
the quantum dot), which is estimated to be ~82%. For the elliptical 
bullseye devices, the polarized single-photon efficiency is 0.56(2), 
where the loss is mainly due to quantum dot blinking (35%), as the 
dot is close to the etched surface (distance of 62.5 nm). The blinking 
can be reduced in the future by surface passivation and by applying 
an electric field.

The purity of the elliptical micropillar single-photon source 
is characterized with a Hanbury Brown and Twiss set-up. As dis-
played in Fig. 4a, the measured second-order correlation data 
shows g2(0) = 0.025(5) at zero time delay. The imperfection of the 
measured g2(0) is mainly due to laser leakage. The photon indistin-
guishability is measured using a Hong–Ou–Mandel interferometer 
with the time separation between the two consecutive excitation 
laser pulses—and thus the two emitted single photons—set at 
13 ns. Figure 4b shows the photon correlation histograms of nor-
malized two-photon counts for cross and parallel polarizations. 
The observed contrast of the counts for the two cases at zero delay 
can be used to extract a raw two-photon interference visibility of 
0.913(5). Taking into account the imperfect single-photon purity 
and the unbalanced (47:53) beam splitting ratio in the optical set-
up, we calculate a corrected photon indistinguishability of 0.975(6). 
For the elliptical bullseye device, similar results are observed: after 
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sending the photons through a 5 GHz etalon to filter out the pho-
non sideband (which also reduces the single photon count by ~30% 
due to the filtering and etalon transmission rate), a single photon 
purity of 0.991(3) and an indistinguishability of 0.951(5) for two 
single photons separated by 13 ns is presented (see Supplementary 
Information). These results show that high efficiency, purity and 
indistinguishability can be simultaneously combined with high 
degrees of polarization in a coherently driven single-photon device.

Discussion and conclusion
In summary, we have theoretically proposed and experimentally 
demonstrated near-optimal single-photon sources operating in 
a single polarization, combined with simultaneous high purity, 
indistinguishability and efficiency, by resonantly driving single 
quantum dots coupled to polarized microcavities, thus overcom-
ing the long-standing problem of 50% photon loss. Our design is 
compatible with the mature cross-polarization set-up and does not 
require complicated sample fabrications, and side excitation set-up 
and so on. This has enabled the creation of bright polarized sources 
of single indistinguishable photons. The generality and versatil-
ity of our protocol have been demonstrated in both narrowband 
and broadband cavities, which, interestingly, have their own pros 
and cons. The bullseye cavity is robust to fabricate, requires negli-
gible ellipticity and features tighter confinement. The micropillar  
cavity requires a more precise matching of the microcavity–emitter 
spectral resonance than the bullseye device, but also comes with 
the benefit that the phonon emission can be suppressed due to  
its narrowband nature. It will be interesting in the future to com-
bine these two nanostructures50 to take advantage of both their 
merits, including tight confinement, minimal scattering loss  
and suppression of phonon-assisted emission. Further optimiza-
tion of sample fabrication, electrical gating, surface passivation51 
and single-mode fibre coupling are expected to deliver near-opti-
mal single photons52—the central resources for optical quantum 
information technologies53,54.

online content
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