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Abstract 

The emission rate of entangled photons from cascaded, 

atom-like few-level systems is limited by the dynamics of 

the radiative transitions. Here, we overcome the equilib-

rium limit for a semiconductor quantum dot via an active 

reset of the radiative cascade. We show theoretically and 

experimentally the driving regime to enable the genera-

tion of entangled photon pairs with higher fidelity and 

emission rate than the optimum continuously driven equi-

librium state. Finally, we electrically generate entangled 

photon pairs with a fidelity up to (95.8 ± 1.3) % at a record 

clock rate of 1.15 GHz. 

 

1. Introduction 

Single and entangled photons promise unique advantages 

for many applications in quantum photonics, including en-

hanced secure key rates in quantum key distribution (QKD) 

through elimination of multiphoton emission [1], and global 

scale unconditionally secure networks with entanglement-

based quantum repeaters [2]. 

Semiconductor quantum dots (QDs) act as artificial atoms 

in the solid state and have been shown to emit single and en-

tangled photons with approaching ideal properties, with the 

prospect of on-chip integration, and compatibility with opti-

cal fiber quantum networks. However, state-of-the-art QKD 

systems based on coherent laser pulses employ clock rates in 

the gigahertz range for high data throughput [3, 4]. 

Clock rates achieved with entangled photons from QDs are 

much lower [5, 6], intrinsically limited by the lifetime of the 

transitions [7, 8], impeding high frequency operation. We 

show that, counterintuitively, by pumping the system only for 

a fraction of the time, it is possible to access the superequilib-

rium regime and generate more entangled photon pairs com-

pared to keeping the system in an optimum continuously 

driven equilibrium. This is made possible by employing a 

high frequency pulsed excitation regime where the cycle is 

reset while still highly optically active, despite a reduced 

emission probability per clock cycle. At the same time, this 

scheme maintains a superior entanglement fidelity. We ex-

pect our results will enable improved performance of a wide 

range of entanglement-based photonic applications. 

2. Active Reset of the Quantum Dot System 

In a semiconductor quantum dot, the biexciton state (XX) 

decays via an intermediate neutral exciton (X) superposition 

state, resulting in two consecutively emitted, polarization-en-

tangled photons [9, 10]. We explore this system using a the-

oretical rate equation model, using experimentally measured 

QD parameters.  

We introduce a novel active reset (AR) scheme, based on 

a GHz-clocked, premature reinitialization of the QD system 

before the population has reached the ground state. Perhaps 

surprisingly, we calculate the existence of a range of clock 

rates between 520 MHz and 3.07 GHz for which the entan-

gled pair generation rate in AR reaches superequilibrium val-

ues, exceeding the optimum pair rate from continuous driving 

by up to 43%. Previous experimental demonstrations have 

been limited to below 500 MHz and far removed from the 

optimum frequency [5, 6]. Moreover, AR driving allows for 

a superior overall entanglement fidelity over one clock cycle 

of 90.9%, while the optimum equilibrium case is limited to 

80.9%. Altogether, the model we present demonstrates the 

feasibility of overcoming the limits on entanglement fidelity 

and entangled-pair brightness imposed by DC or full-cycle 

pulsed driving.  

 

2. Experimental Active Reset 

In addition, we support the findings of the theoretical 

model experimentally. To enable GHz clock rates, we present 

a high-bandwidth, low capacitance QD light-emitting diode 

(LED) design that responds to very short electrical pulses 

<100 ps. Using this diode we demonstrate the, to our 

knowledge, fastest-clocked generation of single photons [7, 

11], entering the “super high frequency” radio band (compris-

ing the 3–30 GHz range [12]) for the first time.  

We subsequently present a low-power, proof-of-principle 

implementation of the described AR regime to generate en-

tangled photons. Fig. 1a shows the resulting fidelity to a max-

imally-entangled evolving Bell state [13] with the diode 

driven in the AR regime at 1.15 GHz. The emission reaches 

a maximum fidelity of (95.8 ± 1.3) % and remains above the 

classical limit of 50 % for the majority of the cycle, indicating 

electrically driven entangled pair generation at a record 1.15 
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GHz clock. The overall entanglement fidelity, integrated over 

all photon pairs detected within the same driving cycle comes 

to (79.5 ± 1.1) %, sufficient for entanglement-based QKD [14, 

15], and exceeds the overall fidelity of a comparison DC 

measurement of (71.2 ± 1.0) % for the same time window.  

Finally, we compare the measured cumulative entangled 

photon pair intensity in AR and DC (Fig. 1b). Our measure-

ments reveal a superequilibrium entangled-photon pair emis-

sion in AR, enhanced by (21 ± 3) % compared to continuous 

driving in DC. Thus, we demonstrate how resetting the QD 

before the system is likely in the ground state achieves a 

higher entangled photon emission rate than sustaining a con-

tinuously driven equilibrium. 

 

3. Conclusions 

The super-high-frequency driven (3.05 GHz) single pho-

ton LED and active reset driven (1.15GHz) entangled LED 

results presented above impact other quantum emitter tech-

nology, particularly those based on semiconductor QDs. For 

electrically driven devices, a key achievement is the high 

bandwidth entangled-LED mesa structure itself, which places 

no particular constraints on the optical device design or col-

lection optics. The approach is therefore compatible with a 

wide variety of other techniques to enhance the source bright-

ness. Entangled LEDs operated in the active reset regime may 

benefit the overall performance of entanglement-based pho-

tonic applications. The GHz-clocked generation of entangled 

photon pairs combined with the enhanced entanglement fidel-

ity and source brightness compared to equilibrium operation 

is of particular interest for entanglement-based QKD proto-

cols, quantum relays, and future implementations of a solid 

state quantum repeater. 

 

Acknowledgements 
   The authors thank Marco Lucamarini and Matthew Anderson 

for helpful discussions. This project has received partial funding 

from the European Union’s Horizon 2020 research and innovation 

programme under the Marie Sk lodowska-Curie grant agreement No 

721394 and the Innovate UK project FQNet. JRAM thanks Alexan-

der Tartakovskii for academic supervision. 

 

References 

[1] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod. 

Phys. 74 (2002) 145. 

[2] W. Dür, H.-J. Briegel, J. I. Cirac, and P. Zoller, Phys. Rev. A 

59 (1999) 169. 

[3] Z. Yuan, A. Plews, R. Takahashi, K. Doi, W. Tam, A. W. 

Sharpe, A. R. Dixon, E. Lavelle, J. F. Dynes, A. Murakami, M. 

Kujiraoka, M. Lucamarini, Y. Tanizawa, H. Sato, and A. J. 

Shields, J. Lightwave Technol. 36 (2018) 3427. 

[4] A. Boaron, G. Boso, D. Rusca, C. Vulliez, C. Autebert, M. Ca-

loz, M. Perrenoud, G. Gras, F. Bussières, M.-J. Li, D. Nolan, A. 

Martin, and H. Zbinden, Phys. Rev. Lett. 121 (2018) 190502. 

[5] R. M. Stevenson, C. L. Salter, J. Nilsson, A. J. Bennett, M. B. 

Ward, I. Farrer, D. A. Ritchie, and A. J. Shields, Phys. Rev. Lett. 

108 (2012) 040503.  

[6] J. Zhang, J. S. Wildmann, F. Ding, R. Trotta, Y. Huo, E. Zallo, 

D. Huber, A. Rastelli, and O. G. Schmidt, Nat Commun 6 (2015) 

10067. 

[7] S. Buckley, K. Rivoire, and J. Vuckovic, Rep Prog Phys 75 

(2012) 126503. 

[8] P. Senellart, G. Solomon, and A. White, Nat Nanotech 12 

(2017) 1026. 

[9] O. Benson, C. Santori, M. Pelton, and Y. Yamamoto, Phys. 

Rev. Lett. 84 (2000) 2513. 

[10] R. M. Stevenson, R. J. Young, P. Atkinson, K. Cooper, D. A. 

Ritchie, and A. J. Shields, Nature 439 (2006) 179.  

[11] F. Hargart, C. A. Kessler, T. Schwarzbäck, E. Koroknay, S. 

Weidenfeld, M. Jetter, and P. Michler, Appl. Phys. Lett. 102 

(2013) 011126.  

[12] International Telecommunication Union, “Nomenclature of 

the frequency and wavelengh bands used in telecommunications: 

Recommendation ITU-R V.431-8" (2015). 

[13] M. B. Ward, M. C. Dean, R. M. Stevenson, A. J. Bennett, D. 

J. P. Ellis, K. Cooper, I. Farrer, C. A. Nicoll, D. A. Ritchie, and A. 

J. Shields, Nat Commun 5 (2014) 3316.  

[14] V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M. Dusek, 

N. Lütkenhaus, and M. Peev, Rev. Mod. Phys. 81, 1301 (2009). 

[15] H. F. Chau, Phys. Rev. A 66 (2002) 060302(R). 

* Present address: Department of Electronic and Electrical 

Engineering, University of Sheffield, Mappin Street, Sheffield S1 

3JD, UK 

 
Fig. 1 Generation of entangled photon pairs via active reset at a record 1.15 GHz clock rate. (a) Fidelity to a maximally-entangled 

evolving Bell state as a function of biexciton and exciton emission time. The dashed black square indicates one 1.15 GHz clock cycle. 

In active reset, the entanglement is sharply quenched at the end of each clock cycle. (b) Cumulative entangled pair emission over time. 

Plotted over one 1.15GHz cycle, normalized by the overall two-photon coincidences in the respective experiment. Shaded ribbons 

indicate the respective estimated standard error based on Poissonian detection statistics and estimated setup drifts in polarization. 
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