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Bright nanoscale source of 
deterministic entangled 
photon pairs violating Bell’s 
inequality
Klaus D. Jöns1,2, Lucas Schweickert1,2, Marijn A. M. Versteegh  1,2,3,4, Dan Dalacu5, Philip J. 
Poole  5, Angelo Gulinatti  6, Andrea Giudice7, Val Zwiller1,2 & Michael E. Reimer2,8

Global, secure quantum channels will require efficient distribution of entangled photons. Long 
distance, low-loss interconnects can only be realized using photons as quantum information carriers. 
However, a quantum light source combining both high qubit fidelity and on-demand bright emission 
has proven elusive. Here, we show a bright photonic nanostructure generating polarization-entangled 
photon pairs that strongly violates Bell’s inequality. A highly symmetric InAsP quantum dot generating 
entangled photons is encapsulated in a tapered nanowire waveguide to ensure directional emission 
and efficient light extraction. We collect ~200 kHz entangled photon pairs at the first lens under 80 MHz 
pulsed excitation, which is a 20 times enhancement as compared to a bare quantum dot without a 
photonic nanostructure. The performed Bell test using the Clauser-Horne-Shimony-Holt inequality 
reveals a clear violation (SCHSH > 2) by up to 9.3 standard deviations. By using a novel quasi-resonant 
excitation scheme at the wurtzite InP nanowire resonance to reduce multi-photon emission, the 
entanglement fidelity (F = 0.817 ± 0.002) is further enhanced without temporal post-selection, allowing 
for the violation of Bell’s inequality in the rectilinear-circular basis by 25 standard deviations. Our 
results on nanowire-based quantum light sources highlight their potential application in secure data 
communication utilizing measurement-device-independent quantum key distribution and quantum 
repeater protocols.

Quantum light sources providing strongly entangled photons are essential components for quantum information 
processing1, 2. In particular, secure quantum communication schemes3, 4 rely on light sources that meet strin-
gent requirements. Quantum cryptography based on entangled photon-pair sources requires a violation of Bell’s 
inequality to guarantee secure data transfer5. Optically active semiconductor quantum dots satisfy several key 
requirements for these applications, namely: fast repetition rate up to 2 GHz6, on-demand generation7, electrical 
operation8, 9, position control at the nano-scale10, and entangled photon pair emission11, 12. However, efficient pho-
ton extraction from these quantum dots requires additional photonic structures to be engineered around them, 
such as micro-cavities13 or nanowire waveguides14, to steer the light emission efficiently in the desired direction. 
Even though the generation of entangled photons was already reported from such structures15–17, a violation of 
Bell’s inequality in micro-cavity structures proved to be elusive due to multi-photon emission and cavity induced 
dephasing that resulted in a significant reduction of the source fidelity.

1Applied Physics Department, Royal Institute of Technology, Albanova University Centre, Roslagstullsbacken 21, 106 
91, Stockholm, Sweden. 2Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628CJ, Delft, 
The Netherlands. 3Quantum optics, Quantum Nanophysics and Quantum Information, Faculty of Physics, University 
of Vienna, Boltzmanngasse 5, 1090, Vienna, Austria. 4Institute for Quantum Optics and Quantum Information, 
Austrian Academy of Science, Boltzmanngasse 3, 1090, Vienna, Austria. 5National Research Council of Canada, 
Ottawa, K1A 0R6, Canada. 6Politecnico di Milano, Dipartimento di Elettronica Informazione e Bioingegneria, piazza 
Leonardo da Vinci 32, 20133, Milano, Italy. 7Micro Photon Devices, via Stradivari 4, 39100, Bolzano, Italy. 8Institute 
for Quantum Computing and Department of Electrical & Computer Engineering, University of Waterloo, Waterloo, 
N2L 3G1, Canada. Klaus D. Jöns and Lucas Schweickert contributed equally to this work. Correspondence and 
requests for materials should be addressed to K.D.J. (email: klausj@kth.se)

Received: 3 February 2017

Accepted: 28 March 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0001-6659-9237
http://orcid.org/0000-0001-5163-7640
http://orcid.org/0000-0001-6701-9126
mailto:klausj@kth.se


www.nature.com/scientificreports/

2SCIENTIFIC REPORTS�������}�ã 1700 �������������ã�w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�w�}�æ�v�w�{�v�•�æ�|

Here, we show that the emitted photon pairs from a quantum dot in a nanowire waveguide violate Bell’s ine-
quality without temporal post-selection. This violation is verified by the stringent Clauser-Horne-Shimony-Holt 
(CHSH) measurement in the traditional basis18. Importantly, by embedding our quantum dot source in a nano-
wire waveguide to steer the light emission, we collect two orders of magnitude more entangled photon pairs than 
typically reported from standard quantum dot structures. In combination with the site-controlled growth in uni-
form arrays19, the possibility to accurately transfer the nanowire sources into silicon-based photonic circuits with 
a nano-manipulator20, as well as the potential for electrical21 and super-conducting contacting22 of nanowires, our 
results on these nano-structured and bright entangled photon-pair sources with high fidelity highlight their great 
potential for future quantum emitter applications.

Photonic nanostructure. We study InAsP quantum dots embedded in pure wurtzite InP nanowires that 
were grown by chemical beam epitaxy in a two-step growth process: vapor-liquid-solid and selective-area epitaxy. 
By using a self-alignment process, a gold particle is first centered in a circular opening of a SiO2 mask on a (111)B 
substrate23. The gold particle is then used as a catalyst during the vapour-liquid-solid growth mode, defining the 
size and allowing for precise positioning of the nanowire core and quantum dot. Next, the growth conditions are 
modified to favor shell growth around the nanowire core via selective-area epitaxy in the circular opening of the 
SiO2 mask. Further growing the nanowire results in a tapered waveguide shell around the nanowire core contain-
ing the quantum dot (see SEM image in Fig. 1a). In such photonic structures, the photons emitted by the quan-
tum dot are guided by the high refractive index material of the nanowire and a small tapering angle towards the 
nanowire tip results in efficient light extraction14. In contrast to cavities, where achieving the necessary broadband 
frequency operation to realize bright entangled photon sources is extremely challenging, nanowire waveguides 
intrinsically provide this broadband frequency operation and have recently emerged as nanoscale sources with 
an excellent Gaussian far field emission profile24 for near-unity fiber coupling25. For the investigated nanowire we 
found a light extraction efficiency of 18 � 3 % 16. This efficiency can be further increased by adding a mirror below 
the nanowire26, 27. A detailed description of the full fabrication process can be found in ref. 28.

Figure 1b shows an s-shell emission spectrum of the investigated nanowire quantum dot. By performing 
cross-correlation measurements between the different transition lines, we found two competing recombina-
tion pathways in the quantum dot s-shell (illustrated in the inset of Fig. 1c): the biexciton (XX)–neutral exciton 
(X) cascade29, 30 (blue curve in Fig. 1c), and the biexciton (XX)–charged exciton (X*) cascade31, 32 (red curve in 
Fig. 1c). Both measurements are taken under the same excitation conditions using the biexciton photon as the 
trigger at zero time delay. In the former case, the neutral exciton decays directly after the biexciton emission with 
a characteristic lifetime, T, of 0.41 � 0.08 ns. In contrast, the charged exciton decay is delayed by the charging 
time, �, of 0.39 � 0.08 ns, which is the time it takes for the quantum dot to capture another charge carrier. This 
competing recombination pathway explains the short decay time observed for the neutral exciton. Since the 
observed charging time is much faster than the period of the exciton spin precession (~3.5 ns)16, induced by the 
small fine-structure splitting33, the effect of the spin precession on the two-photon correlations is small. Moreover, 
the short exciton lifetime filters out additional cross-dephasing events. Therefore, our short exciton lifetime elim-
inates two of the main reasons for applying temporal post-selection to increase the degree of entanglement17, 34.

Figure 1. (a) SEM image of a pure wurtzite InP nanowire waveguide, containing a single InAsP quantum dot 
near the base. The tapering of the nanowire waveguide shell allows for efficient light extraction. (b) Quantum 
dot spectrum of the s-shell transitions. (c) Cross-correlation measurements of biexciton (XX)–exciton (X) 
cascade (blue) and biexciton–charged exciton (X*) cascade (red). The cross-correlation histograms are 
composed of 64 ps time bins. A fast exciton decay with T � 0.41 � 0.08 ns starts after the biexciton trigger. The 
observed delay of the charged exciton emission after the biexciton trigger is attributed to the charging time 
� � 0.39 � 0.08 ns of the quantum dot. The inset schematically shows the charging effect and the two possible 
competing recombination pathways.
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Compensation of birefringence. Typically the entangled state obtained for conventional quantum dots is 
�( HH VV )/ 2 11, 12, 35, 36. However, as previously reported16, we observed a different entangled state from the 

quantum dot embedded in the waveguiding shell. This more general entangled state was described as 
�( JJ WW )/ 2 , where J and W are arbitrary orthogonal vectors in the Poincare sphere, describing an ellipti-

cal polarization state. This rotation of the conventional state is most likely introduced by birefringence of the 
nanowire waveguide arising from an asymmetric shape. Using a set of waveplates we can compensate for this 
rotation and bring the entangled biexciton-exciton quantum state back to � � � � �( HH VV )/ 2 , allowing us to 
perform the CHSH measurements in the traditional basis18.

In the following we optimize the waveplates to compensate for the observed state rotation. A schematic of the 
experimental setup is depicted in Fig. 2a where the emitted photons from the nanowire quantum dot are first sent 
through a �/4 (QWP) and a �/2 (HWP) waveplate before entering the analyzing polarization dependent 
cross-correlation setup (either for quantum state tomography (QST) or the Bell test (CHSH)). If the quantum 
state of the photon pair is of the form � � � � �( JJ WW )/ 2 , with J and W being orthogonal polarization vectors, 
any state rotation can be compensated by minimizing the sum of the measured coincidences in RR  and LL  
using these waveplates. Fig. 2b shows a three-dimensional (3D) map of these coincidences as a function of the 
QWP and HWP angles. The data is shown as black dots and the 3D cosine function fit of the data is color-coded. 
A clear minimum is observed in the light pink region, indicating the optimum waveplate angles required to com-
pensate for the state rotation. The excellent result of the fit is emphasized in four cuts (dark purple) through the 
3D map, displayed next to the map. The extracted QWP and HWP angles at the minimum of the surface fit will 
rotate the quantum state back to � � � � �( HH VV )/ 2 . This can be either verified by a full quantum state tomogra-
phy or a simple fidelity approximation to the � � � � �( HH VV )/ 2  state as shown in section: Improved Bell’s ine-
quality violation.

CHSH violation. After our successful compensation of the birefringence, we can perform the traditional 
four-parameter CHSH test, the standard test of local realism and device-independent secure quantum commu-
nication, to violate Bell’s inequality.

The CHSH test requires 16 non-orthogonal cross-correlation measurements taken under the same experi-
mental conditions. In the CHSH test the biexciton and exciton detection bases are independently rotated with 
respect to the rectilinear laboratory reference frame. The rotation angles � are given in real space angles in the 
schematic on the left of Fig. 3. The values 22.5°, 67.5° in red (0°, 45° in blue) correspond to the polarization angles 
added to the biexciton (exciton) polarization detection bases. To extract the degree of correlation Cb in all four 
possible combinations of these bases, we measure the coincidences between the biexciton (XX and XX) and exci-

12

16

20

24

QWP 57

QWP 47
10

14

18

22

35 40 45 50 55 60

HWP 70

10

18

26

HWP 50

C
oi

nc
id

en
ce

s 
of

 R
R

 +
 L

L 
(c

ou
nt

s/
10

)

C
oi

nc
id

en
ce

s 
of

 R
R

 +
 L

L 
(c

ou
nt

s/
10

)

HWP (degree)QWP (degree)

30 40 50 60 70 80

10

18

14

a)

b)

117 310181 246

Figure 2. (a) Experimental setup for the Bell test and quantum state tomography (QST), including beam 
splitter (BS), half waveplates (�/2), quarter waveplates (�/4), polarizers and single-photon detectors. The first set 
of quarter and half waveplates is used to compensate the quantum state rotation introduced by the possible 
nanowire birefringence. (b) 3D map showing the sum of coincidences at zero time delay for |RR� and |LL� 
correlations (black dots) as a function of quarter waveplate (QWP) and half waveplate (HWP) angles. Using a 
color-coded cosine surface fit we found the optimum waveplate configuration to compensate for the state 
rotation (minimum correlations in RR  and LL ). Slices of the 3D map at constant HWP (QWP) angles are 
shown on the left (right) illustrating the good agreement between the fit and data.
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