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1. Fluorescence imaging of single quantum dots 

We employ the fluorescence imaging1 to determine the spatial positions of single 

quantum dots (QDs) with respect to pre-defined gold alignment marks. The QD sample 

has a sufficiently low density (~4×107 cm-2) near the wavelength resonant with the 

cavity. The optical set-up is schematically depicted in Supplementary Fig. 1. A 635-nm 

light-emitting diode (LED) is used to pump all of the QDs within the system’s field of 

view (≈ 62 μm × 62 μm), as shown in Supplementary Fig. 2a, and a 780 nm LED 

illuminates the sample, as shown in Supplementary Fig. 2c. Photons emitted from the 

QDs and light reflected off the sample are directed through one notch filter and one 

long pass filter to reject the light from the LED at the short wavelength before going 

into an electron-multiplied charge-coupled device (EMCCD) camera. Typical line cuts 

in Supplementary Fig. 2b and 2d show that the positioning uncertainties in localizing 

the QDs and alignment mark are 2.5 nm and 5.1 nm, respectively. A typical image of 

the produced QD-micropillar by the deterministic positioning technique and subsequent 

fabrication using aligned e-beam lithography is shown in Supplementary Fig. 2e. 

Next, we will determine the position accuracy on this fluorescence imaging method. 

As shown in Fig. 3a and 3b, for a sample with sufficiently low density, a well-separated 

quantum dot can be imaged and fitted using 2D Gaussian fit to extract its position with 

a typical ~3 nm fitting uncertainty. To determine the position of the mark, we first use 

1D Gaussian fit through several rows and columns to localize the 4 crosses of the 

alignment marks. As shown in Fig. 3c, the red dots indicate the fitting centers of rows 

and columns, the Fig. 3d shows a typical 1D Gaussian fitting with an uncertainty of ~9 

nm. Then the position of cross is calculated through linear fitting the red dots. The 

fitting uncertainty of red cross is about ~7 nm in both X and Y axis. Finally, a 

perspective transformation is performed to correct the aberration (~1 pixel) and to 



calculate the positions of quantum dots with respect to the alignment marks. Taking into 

account of all these factors, we can estimate that the final positioning uncertainty is ~22 

nm in both X and Y axis. 

 

2. Polarized photons from a birefringent cavity: theory 

The Purcell factor of a microcavity is given by2: 
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where Q  is the quality factor of the cavity, V  is the cavity mode volume; c , c , 

  and   denote the resonant wavelength of the cavity, resonant frequency of the 

cavity, central frequency of the exciton transition and its full-width at half-maximum 

(FWHM), respectively. ( )dE r , max( )E r , e  and d  represent the electric field at the 

emitter position, cavity field maximum, the polarization of the electric field and the 

dipole moment. The last term in Eq. (1) indicates that the cavity selectively accelerates 

the rate of transition with the parallel polarization with the cavity mode. 

Suppose a charged QD is resonant with the H mode of an elliptical microcavity (see 

the Fig. 1a in the main text). The two degenerated transition of a charged QD are left-

circular (
-  ) and right-circular (

+  ) polarized. In the elliptical microcavity, the 

transition rate, according to Eq. (1), will be differently accelerated with different 

polarization. Thus, the emitted photon state can be rewritten as 
H VF H iF V  and 

+H VF H iF V  (not normalized). The calculated HF  and VF  are: 
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 , P  is the spatial overlap between QD and cavity, and   is 

the cavity mode splitting (also the frequency detuning of QD from V-mode). So the 



spontaneous emission rate of the quantum emitter into the H and V polarizations with a 

ratio of 21 4( / )H V VF F     , and we can obtain singly-polarized single photons 

from the elliptical cavity. 

Another important issue is that the emitted photons should be efficiently collected 

into a single-mode fiber. It is known that Purcell-enhanced micropillars with circular 

cross sections are favorable for directional, nearly Gaussian far field3-7. Here, we 

simulated the far field of our elliptical micropillar using the finite-different time-domain 

method. The numerical results in Supplementary Fig. 4 shows that the far-field 

distribution of fundamental mode inherits the cross-section pattern of the elliptical pillar. 

For the parameters used in our micropillar (1.4-2.1 µm), the overlap between the 

simulated distribution and a perfect Gaussian is ~98%. In addition, the single-photon 

emission is highly directional. An objective lens with a numerical aperture of 0.65 is 

capable of collecting ~99% of the emitted photons. 

 

3. Analysis of photon loss in the elliptical micropillar 

In this experiment, efficiencies of all the optical elements are listed in the 

Supplementary Table I. Under 76 MHz repetition rate pumping, we eventually detect 

13.7 million single photon counts per second at the π pulse. Considering the 

independently calibrated single-photon detection efficiency (~76%), optical path 

transmission rate (~57%, including objective lens, optical window, two beam splitters, 

two polarized beam splitters and fiber connector), and single-mode fiber coupling 

efficiency (~70%), we estimate polarized-single-photon efficiency (defined as the 

number of single-polarized photons extracted from the bulk and collected by the first 

lens per pumping pulse) to be 0.60(2) in this experiment, which is the highest in all 

reported solid-state systems.  

Supplementary Table I: The efficiency of various elements in our set-up. 

Objective 

lens 

Optical 

window 

2BSs 2PBSs Single-mode 

fibre coupling 

Single-mode 

fibre connector 

Single-photon 

detector 



0.92(1) 0.95(1) 0.80(1) 0.90(1) 0.70(2) 0.91(1) 0.76 

 

The polarized-single-photon efficiency is mainly limited by two factors: the loss due 

to photon extraction by the microcavity and the loss due to single-photon generation by 

the quantum dot emitter. The former—the extraction efficiency—can be estimated by8: 
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where 
pF  is the Purcell factor, Q  ( 0Q ) is the quality factor in the micropillar (planar 

cavity before fabrication) cavity. Here 
pF  117.8, Q  15016, 0Q  16500, which yields 

73%C  . 

The latter—the generation efficiency—is affect by the quantum efficiency of the emitter, 

i.e., the fraction of excited-state decay resulting into a photon radiation, and the excited 

state preparation efficiency at the π pulse. We estimate the generation efficiency to be 

~0.82(2) for this investigated QD. 

 

4. Fabrication of the elliptical Bragg grating 

The elliptical Bragg grating (EBG) consists of a central elliptical disk, a surrounding 

elliptical grating and fully-etched trenches. We use a 7 mm 7 mm   InAs/GaAs 

quantum dot sample which has a 125 nm thick GaAs layer containing QDs with   - 

doping below (such that ~30% of the QDs are negatively charged), a 1000-nm 

Al0.8Ga0.2As sacrificial layer and GaAs substrate. We start by growing a 360 nm SiO2 

layer, a 5 nm Ti adhesion layer and a 100 nm gold mirror on the surface. Next, 500 nm 

SU-8 was employed to adhere the gold mirror to the 500 𝜇m Si-substrate. Then, the GaAs 

substrate and sacrificial layer are removed by wet etching. This approach forms a GaAs-

SiO2-Au sandwiched structure. Finally, the fabrication of the elliptical Bragg grating is 

done by inductively coupled plasma dry etching. A top view of a scanning electron 

microscope image of the EBG cavity in X-Y plane is presented in Supplementary Fig. 5. 

 

5. Characterization of the EBG cavity 



The sample is placed in a bath cryostat with a base temperature of 1.5 K, and a confocal 

microscope with an extinction ratio exceeding 
710 :1 is applied to excite quantum dots 

and collect single photons. Under above-band excitation at high power, two non-

degenerate fundamental modes show at 887.5 nm and 895.1 nm (labeled as B1 and B2). 

The Lorentzian-fitted full width at half maximum are 1.9 THz and 2.2 THz, corresponding 

to the quality factors of 151 and 181 for B1 and B2, respectively. The measured mode 

splitting is 2.8 THz (see Fig. 2e in main text). We note that this broadband cavity is much 

more robust against the frequency mismatch between emitters and cavity modes, since its 

linewidth is >30 times broader than micropillar. Polarization-resolved measurements (see 

Supplementary Fig. 6a) confirms the polarization of B1 (B2) is parallel to the major (minor) 

axis which we label as V (H). We determined the degree of polarization of B1 (blue) and 

B2 (red) are 76.2% and 94.9%, respectively. We attribute the low degree of polarization 

of B1 to some quantum dots not in the central disk which have a frequency overlap with 

B1 (such as some QDs in grating). The investigated quantum dot is resonant with B2 

(black). 

 

6. Simulation of the EBG cavity 

The simulation of the EBG cavity is based on the finite-difference time-domain (FDTD) 

method. We set the refractive index of GaAs to be 3.54, and SiO2 to be 1.47. Since the 

investigated quantum dot is resonant with the B2 mode whose polarization is parallel with 

the minor axis, here we set the dipole direction along the same axis. All the other 

parameters are those described in the main text. Supplementary Fig. 7a shows the 

simulated intensity far-field distribution, which indicates that the single-photon emission 

is highly directional. If we apply an objective lens with a NA10.65, we can extract >86% 

single photons for both B1 and B2 modes for a range of >40nm (see Supplementary Fig. 

7b). The red line is the computed Purcell factor of the EBG cavity with an ellipticity of 

0.01. 

To find an optimal ellipticity for the EBG cavity, we scanned the /b a  value from 

0.94 to 1 with a step of 0.01, where the b (a) is the minor (major) axis of the cavity. The 

simulated Purcell factors are displayed in Supplementary Fig. 8a. Due to the asymmetry 

in the shape of the cavity and strain within the quantum dot, a mode splitting appears if 



/ 0.99b a  . These two modes are orthogonally linear polarized. The red (major mode) 

and blue (minor mode) dots in Supplementary Fig. 8b show that the mode splitting grow 

3.7 nm for every 0.01 reduction of the /b a  , which is in good agreement with our 

experimental result (see Supplementary Fig. 6(b)). Unlike the micropillar cavity, this 

EBG just requires an ellipticity of 0.01 to achieve a mode splitting which is ~1.5 times 

larger than the cavity linewidth.  

 

7. Polarized single photons from the EBG cavity 

Our measurements are performed with the quantum dot placed in a bath cryostat with 

a temperature of 1.5 K and resonantly excited by a shaped pulse laser with a bandwidth 

of ~33 GHz. At 1.5 K, the quantum dot is resonant with the B2 mode of the EBG cavity. 

Using the orthogonal excitation-collection protocol, we resonantly excite the EBG-

coupled quantum dot at a repetition rate of 76 MHz and measure the pulsed resonance 

fluorescence photon counts as a function of laser intensity, as plotted in Supplementary 

Fig. 9 A clear Rabi oscillation is observed. At a pump power of 1.7 nW, the single-photon 

count reaches its first peak. In this case, 12.4 million (per second) single photons are 

directly detected by a superconducting nanowire single-photon detector. However, almost 

no single photons are detected when we excite it with H-polarized laser. This 

measurement indicates that the emitted single photons feature a near-unity degree of 

polarization. Considering the optical efficiency in our experiment, we estimate that ~56% 

of the polarized single photons are extracted by the first objective lens (NA=0.68) (see 

discussion in section 8). 

The purity of the single-photon source is characterized with a Hanbury Brown and 

Twiss setup. Supplementary Fig. 10a plots the measured second-order correlation from 

which we can extract at zero-time delay
2 (0) 0. 3)009(g  . The noise of the measured 

2 (0)g   is mainly from the remaining laser leakage. Finally, to characterize the 

indistinguishability of the photons, two successively emitted photons separated by 13 

ns prepared at parallel or cross polarization states are injected into a Hong-Ou-Mandel 

interferometer. Supplementary Fig. 10b displays a time-delayed intensity-correlation 

histogram. The peak of co-polarization at zero delay is strongly suppressed comparing 



to the data with cross-polarization. We can extract the photon raw (corrected) 

indistinguishability to be 0.892(5) (0.951(5)). If we reduce the time separation of two 

successively emitted photons to 2 ns, the measured indistinguishability is 0.973(2) (see 

Supplementary Fig. 10 (c)). To our knowledge, this is the first work to demonstrate 

resonance fluorescence in two-level quantum dot coupled to broadband bullseye 

cavity1,9,10. More importantly, our work not only demonstrates near-unity 

indistinguishability but also the simultaneous combination with high degrees of 

polarization, high extraction efficiency and single-photon purity. 

 

8. Efficiency estimation in the EBG device 

In our experiment, efficiency of all the optical elements are listed in the 

Supplementary Table II. At π pulse, we directly detected 12.4 million/s pure single 

photons. Considering the independently calibrated single-photon detection efficiency 

(~76%), optical path transmission rate (~53%, including objective lens, optical window, 

two beam splitters, two polarized beam splitters and fiber connectors), and single-mode 

fiber coupling efficiency (~72%), we estimate polarized-single-photon efficiency 

(defined as the number of single-polarized photons extracted from the bulk and 

collected by the first lens per pumping pulse) to be 0.56(2) in this experiment. 

Here, the polarized-single-photon efficiency is mainly limited by the quantum  

Supplementary Table II: The efficiency of various elements in our set-up. 

Objective 

lens 

Optical 

window 

2BSs 2PBSs Single-mode 

fibre coupling 

Single-photon 

detector 

2 fibre   

connectors 

0.92(1) 0.95(1) 0.80(1) 0.90(1) 0.72(2) 0.76 0.84(1) 

 

efficiency of the QD. In this experiment, the thickness of the GaAs layer containing 

QDs is only 125nm, and thus the QDs could be affected by the surface charges and 

defects. Importantly, unlike the quantum dots embedded in the large-diameter 

micropillars, we observe blinking in the EBG device, as shown in Supplementary Fig. 

10, which cause a 35% loss of single-photon efficiency. Future works will focus on 

improving the quantum efficiency of QDs by surface passivation and by applying an 



electric field to reduce the charge noise. 

 

9. A blueprint for all-perfect single-photon devices 

  In the diagram shown in Supplementary Fig. 12, we put forward a realistic blueprint 

(or recipe) towards engineering of all-perfect single-photon devices. This diagram 

involves a series of key steps; all these steps must be successfully implemented to 

deliver final working devices. Special attention should be paid which are listed below. 

1. It started from molecular beam epitaxy growth of self-assembled quantum dots. The 

quantum dots should have near-unity quantum efficiency in the single-photon 

emission. This means that atomic defects need to be minimized during the growth. 

2. For the fabrication of micropillars cavity later on, suitable layers of distributed 

Bragg reflector (DBR) mirrors should be monolithically grown below and above 

the quantum dot layer. The numerical simulation11 has suggested that a cavity Q 

value of ~10,000 would be a sweet point to obtain both high efficiency and 

indistinguishability. 

3. For the optical imaging and deterministic positioning of the quantum dots, the as-

grown sample should have a low density so that the quantum dots are sufficiently 

separated. 

4. Appropriate wide-field imaging (or other methods) should be performed and ensure 

a <20 nm positioning precision such that the dots are spatially maximally coupled 

to the cavities. 

5. Special attention needs to be paid to the shift of both the DBR cavity resonance 

frequency and the quantum dot emission wavelength before and after the 

micropillar etching. Such shifts need be taken into account in the previous steps 

when pre-selecting good quantum dot candidates with bright and narrow line 

emissions. 

6. Predict the final micropillar Q value. Based on the Q, empirically determine an 

appropriate major and minor axis diameter and ellipticity for polarization-

controlled single photon emission. 



7. Pay special attention to micropillar etching to ensure a smooth sidewall to minimize 

the scattering loss. 

8. To stabilize the electric field fluctuation around the quantum dot and to tune the 

wavelength of the quantum dot emission, applications of surface passivation12 and 

electric gate have been proven very helpful13. 

9. Resonantly and efficiently drive the quantum dot two-level system using an ultrafast 

laser pulse. The pulse duration should be much shorter than the radiative decay time 

of the two-level system to minimize the time jitter of the emitted single photons14. 

10. Achieve a sufficient suppression of the laser leakage using a combination of 

techniques including cross-polarization (only by using the method reported in our 

current paper is the single-photon efficiency not sacrificed), spatially orthogonal 

excitation (from side) and collection (from top), and/or spectrally orthogonal two-

color resonant excitation15. 
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Supplementary Figure Captions: 

Supplementary Fig. 1: (a) Schematic of the photoluminescence imaging setup used for 

determining QD locations for deterministic elliptical micropillar-QD device fabrication. 

Illumination of the alignment marks uses a 780 nm LED. The unwanted light entering the 

EMCCD camera is removed by a long-pass filter (LPF) that blocks wavelengths below 

715 nm and a notch filter (NF) that blocks wavelengths between 810 and 880 nm. 

Supplementary Fig. 2: (a) Image acquired when only a 635-nm red LED is used for 

excitation of the QDs. (b) Horizontal line cut through the image from (b), along the 

dashed red line, showing the profile of the QD emission (black dots) and its Gaussian fit 

(red line) with an uncertainty of 2.5 nm. (c) Acquired image when only a 780-nm LED is 

used to illuminate the metallic alignment marks. (d) Horizontal line cut through the image 



from (d), along the dashed red line. (e) Image of the elliptical micropillars after 

subsequent fabrication using aligned e-beam lithography. 

Supplementary Fig. 3: (a) A typical quantum dot imaged by EMCCD. (b) A 2D 

Gaussian fitting of the image in the a. (c) A typical image of the alignment mark to 

determine the position of the cross. (d) A 1D Gaussian fitting of the alignment mark. 

Supplementary Fig. 4: Far-field intensity distribution of the elliptical micropillar 

cavity. 

Supplementary Fig. 5: Top view of a scanning electron microscope image of the EBG 

cavity in X-Y plane. 

Supplementary Fig. 6: (a) Polarization-resolved measurement of the two fundamental 

modes. The investigated QD is resonant with the cavity mode B2. (b) Measured cavity 

modes of EBG cavities with different minor/major value from 0.92 to 1. The blue (red) 

dot corresponds to the cavity mode whose polarization is parallel with the major (minor) 

axis. 

Supplementary Fig. 7: (a) Simulated intensity far-field distribution with a dipole along 

the minor axis. (b) Simulated extraction efficiency using an objective lens with NA10.65, 

and the simulated Purcell factor of an EBG cavity with an ellipticity of 0.01.  

Supplementary Fig. 8: (a) Simulated Purcell factors with different /b a  value from 

0.94 to 1. (b) The peak position of the major and minor modes with different /b a . (c) 

Simulated Purcell factor with different thickness of SiO2. 

Supplementary Fig. 9: H-polarized single-photon counts under resonant excitation of a 

V-polarized pulse laser. At π pulse of 1.7 nW, we directly detected 12.4 M pure H-

polarized single photons (red dots) using a superconducting nanowire single-photon 

detector. 

Supplementary Fig. 10: (a) The single-photon purity is derived from the second-order 

correlation function. Our experiment shows a g2(0)10.009(1), corresponding to a single-

photon purity of above 99%. (b) The photon indistinguishability is characterized by a 

Hong-Ou-Mandel interferometer with a time delay of 13 ns. The peak of co-polarization 

(red) at zero delay is strongly suppressed with respect to the one with cross polarization 

(gray). After correction, the calculated indistinguishability is 95.1%. (c) Hong-Ou-

Mandel interference of two successively emitted photons with a time delay of 2 ns. The 

extracted indistinguishability is 97.3%. 



Supplementary Fig. 11: Blinking of the investigated QD in EBG cavity. 

Supplementary Fig. 12: A blueprint for all-perfect single-photon devices. 
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