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Oral abstracts 

(Invited) Integrating InAs/GaAs quantum dot lasers on silicon platform for silicon photonics 

H Liu 

University College London, UK 

Silicon is one of the most important semiconductor materials. Although it has been the mainstays for modern 
electronics, it is not widely used for light emitting sources because bulk silicon is an inefficient emitter, a result 
of indirect bandgap. Direct epitaxial growth of III-V nanostructures on silicon substrates is one of the most 
promising candidates for realizing photonic devices on a silicon platform. In this presentation, the growth of III-V 
quantum dots - semiconductor nanosized crystal - on Si substrates and their applications in communications 
will be discussed. I will describe new growth techniques developed at University College London for the 
formation of III-V buffer layers grown directly on Ge, Si and Ge/Si substrates by Molecular Beam Epitaxy (MBE) 
[1-7]. We demonstrated the first practical silicon-based laser diode with pulsed (cw) lasing up to 120 oC (75 
oC), with an ultra-low cw threshold current density 62.5 A/cm2, a high output power exceeding 105 mW at RT 
(see Figure 1), and a long extrapolated lifetime of over 100,158 hours (see Figure 2) [7]. These results are a 
major step towards silicon-based photonics and photonic-electronic integration, and provide a route towards 
cost-effective monolithic integration of III-V devices on Si platform.   

                
 

[1] Liu, H., Wang, T., Jiang, Q., Hogg, R., Tutu, F., Pozzi, F. and Seeds, A., Nat. Photonics 5, 416–419 
 (2011). 
[2] Tang, M., Chen, S., Wu, J., Jiang, Q., Dorogan, V.G., Benamara, M., Mazur, Y.I., Salamo, G.J., Seeds, A. 
 and Liu, H., Opt. Express 22, 11528–11535 (2014). 
[3] Wang, T., Liu, H., Lee, A., Pozzi, F., and Seeds, A., Opt. Express 19(12), 11381–11386 (2011). 
[4] Lee, A., Jiang, Q., Tang, M., Seed, A. and Liu, H., Opt. Express 20, 22181–22187 (2012). 
[5] Chen, S., Tang, M., Jiang, Q., Wu, J., Dorogan, V.G., Benamara, M., Mazur, Y.I., Salamo, G.J., Seeds, A. 
 and Liu, H., Electron. Lett. 50, 1467–1468 (2014). 
[6] Chen, S., Tang, M., Wu, J., Jiang, Q., Dorogan, V.G., Benamara, M., Mazur, Y.I., Salamo, G.J., Smowton, 
 P., Seeds, A. and Liu, H., ACS Photonics 1, 638–642 (2014). 
[7] Chen, S., Li, W., Wu, J., Jiang, Q., Tang, M., Shutts, S., Elliott, S., Sobiesierski, A., Seeds, J., Ross, I., 
 Smowton, P., and Liu, H., Nat. Photonics 10, 307-311(2016). 

 
Figure1. Light-current-voltage characteristics for 
a 50 µm × 3200 µm InAs/GaAs QD laser grown 
on a silicon substrate under cw operation at 18 

 

 

Figure2. Ageing data for InAs/GaAs QD laser 
on Si at constant heat sink temperature of 26 
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Optical positioning of single InAs/GaAs quantum dots for optimized III-V and hybrid III-V/Silicon quantum 
photonic devices 

L Sapienza1,2, M Davanco1, A Badolato3 and K Srinivasan1  
1Center for Nanoscale Science and Technology, USA, 2University of Southampton, UK, 3University of Ottawa, 
Canada 

We have developed a two-colour photoluminescence imaging technique that enables location of single 
expitaxially-grown InAs/GaAs quantum  dots  with  respect  to alignment features with an average (minimum)  
positioning  uncertainty  of  <30  nm (<10 nm) [1]. We combine this position data with spectroscopic 
information and calibrated device fabrication processes to create quantum-dot single-photon sources based on 
optimally located quantum dots. By means of aligned electron-beam lithography, we fabricate circular 
dielectric gratings [2] centered about the emitters (left inset of Figure1a), tailored to enhance the vertical 
extraction of single photons at the quantum dot emission wavelength. Thanks to our accurate positioning 
technique, the sources are simultaneously bright (collection efficiency of 48.5% ± 5% into a 0.4 numerical-
aperture lens, Figure1a), pure (multiphoton probability <1% at the highest collection efficiency, Fig.1b), and 
Purcell-enhanced (≈3 times, Fig.1c). 

We also demonstrate a scalable, heterogeneous III-V/silicon integration platform to produce Si3N4 photonic 
circuits incorporating GaAs-based nanophotonic devices containing self-assembled InAs/GaAs quantum dots. 
We demonstrate pure single- photon emission from individual quantum dots in GaAs waveguides and cavities 
directly launched into Si3N4 waveguides with >90% efficiency through evanescent coupling [3]. The 
implementation of our positioning technique in this hybrid platform is expected to open the path to a new class 
of scalable, efficient and versatile integrated quantum photonic devices, combining low-loss propagation, 
tailorable dispersion and high Kerr nonlinearities of Si3N4 and bright, pure and coherent quantum light emission 
from InAs/GaAs quantum dots. 

 
Figure 1. (a) Photon flux into the collection objective, plotted as a function of excitation power (in saturation 
units), for a quantum dot (QD) in a circular grating cavity. Left inset: Photoluminescence image of the device. 
Right inset: Photoluminescence spectrum collected under the highest excitation power. (b) Photon correlation 
measurement under saturated pulsed excitation, using a Hanbury-Brown and Twiss setup. (c) Excited state 
lifetime of a QD in the cavity (blue symbols) compared to a QD in bulk (black symbols) and their exponential fit 
(solid lines), showing a lifetime reduction of ≈ 3. 

[1]  L. Sapienza et al., Nature Communications 6, 7833 (2015). 
[2]  M. Davanco et al., Applied Physics Letters 99, 041102 (2011). 
[3]  M. Davanco et al., arXiv:1611.07654 (2016). 
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Phase-controlled entanglement between two distant electron spins 

M J Stanley1, R Stockill1, L Huthmacher1, C Le Gall1, C Matthiesen1, A Miller2 and M Atatüre1 

1University of Cambridge, UK, 2Quantum Opus LLC, USA 

Entanglement between distant nodes is essential for the successful realisation of a distributed quantum 
network. Photon-mediated entanglement has recently been demonstrated in atomic [1] and diamond defect 
systems [2] and, very recently, using heavy hole spins in quantum dots [3]. However, until now controlled 
creation of entangled states with arbitrary phase had yet to be demonstrated in these systems. Here we 
demonstrate creation of Bell states of arbitrary phase using electron spins. 

Entangled spin states can be heralded via the detection of a single photon [4]. The Bell state phase is 
determined by the optical path length of a Mach-Zehnder interferometer incorporating both electron spin qubits 
in InGaAs quantum dots (QD) [Figure 1]. We present an experimental implementation of this scheme, featuring 
the stabilisation of the interferometer phase to better than π/20 and two QD photon Hong-Ou-Mandel 
indistinguishability of 93%. 

 

Figure 1 - A Mach-Zehnder interferometer incorporating two electron spins as the ground states of optically-
addressable lambda-schemes. Phase stability permits controlled Bell state creation by single photon detection. 

In Figure 2 we present the results of spin-spin correlation measurements in both the population basis, and a 
rotated basis for the Bell state Y+. We confirm entangled state creation with a fidelity 61.8±2.7%, violating the 
classical limit by over 4 standard deviations of the mean. The strong, coherent light-matter coupling of these 
QDs enables operation at a state generation rate of 7 kHz, the fastest entanglement distribution between 
distant nodes yet reported. 

 

Figure 2 - Population (LHS) and rotated (RHS) basis measurement of two- electron spin correlations following 
entangled state generation. Results as presented violate the classical limit by 4.37s 

[1]  Moehring, D.L. et al., 2007, Nature, 449, 68-71           
[2]  Bernien, H. et al., 2013, Nature, 497, 86-90 
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[3]  Delteil, A. et al., 2016, Nature Phys., 12, 218-223 
[4]  Cabrillo, C. et al., 1999 PRA, 59, 1025-1033 

 
 
Phonon limit to simultaneous near-unity efficiency and indistinguishability in semiconductor single photon 
sources 

J Iles-Smith1, D P S McCutcheon1,2, A Nazir3 and J Mørk1  
1DTU Fotonik, Technical University of Denmark, Denmark, 2University of Bristol, UK, 3The University of 
Manchester, UK 

Semiconductor quantum dots have recently emerged as a leading platform to efficiently generate highly 
indistinguishable photons [1-4], and this work addresses the timely question of how good these solid-state 
sources can ultimately be. We establish the crucial role of lattice relaxation in these systems [4], which we 
show gives rise to trade-offs between indistinguishability and efficiency. We analyse the two source 
architectures most commonly employed: a quantum dot embedded in a waveguide and a quantum dot coupled 
to an optical cavity. For waveguides, we demonstrate that the broad-band Purcell effect [5] results in a simple 
inverse relationship, where indistinguishability and efficiency cannot be simultaneously increased. For cavities, 
the frequency selectivity of the Purcell enhancement results in a more subtle trade-off, where 
indistinguishability and efficiency can be simultaneously increased, though by the same mechanism not 
arbitrarily, limiting a source with near-unity indistinguishability (> 99%) to an efficiency of approximately 96%. 

 

Figure 1:[Left] (i–iii) show the three single photon source designs we analyse and their associated emission 
spectra: a QD emitting into a slow-light waveguide with and without a spectral filter, and a QD in a coherently 
coupled optical cavity. [Right] Indistinguishability and efficiency of the three source architectures. The 
indistinguishability plot indicates that the dominant effect of a resonantly coupled cavity is to filter the QD 
emission, while the efficiency plot demonstrates that Purcell enhancement in a cavity can over- come efficiency 
losses incurred by filtration of the phonon sideband. 

[1]  Y.-M. He et al., Nat. Nanotechnol. 8, 213 (2013). 
[2] A. Thoma et al., Phys. Rev. Lett. 116, 033601 (2016). 
[3]  N. Somaschi et al., Nat. Photonics 10, 340 (2016).  
[4]  J. Iles-Smith et al., arXiv:1606.06305 (2016). 
[5]  P. Lodahl et al., Reviews of Modern Physics 87, 347 (2015) 
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Path-dependent initialization of a single quantum dotexciton spin in a nano-photonic waveguide 

D M Price, R J Coles, B Royall, E Clarke, A M Fox, M S Skolnick and M N Makhonin  

University of Sheffield, UK 

In this work we demonstrate the initialisation of the spin state of an exciton in an InGaAs quantum dot (QD). By 
chirally coupling the QD to a nanobeam waveguide we are able to initialise the state using in-plane quasi-
resonant excitation1 (experiment scheme Fig. 1a). We show that the initialisation of the spin state of a QD is 
independent of the input polarisation, but instead depends only on the direction of the excitation laser within 
the waveguide. Spin initialisation of the QD is verified by the spin-dependent directional emission2 initially in 
non-zero magnetic field where two spin Zeeman components are split and allow for clear detection (Fig. 1b 
(top)). The spin initialisation and readout are also demonstrated to work in the absence of a magnetic field (Fig. 
1b (bottom)). We also perform control measurements for a QD at a non-chiral point of a waveguide where 
directional initialisation and spin readout are not possible. 

The chirality in nanophotonic waveguides with embedded quantum dots (QDs) allows for effective spin 
initialisation and readout in-plane. Architectures based on such waveguides will offer a potential route for future 
optical quantum information processing on-chip. 

(a)                                                                                (b) 

 

 

Figure 1: a) Schematic of nanobeam waveguide and experimental arrangement. QD emission was collected 
from the left (right) out-coupler. The position of excitation and collection can be moved between the out- 
couplers. b) PL spectra of a chiral QD showing initialisation and readout taken at B=1T (top) and B=0T 
(bottom). 

[1]  Coles, R. J . et al. arXiv:1609.00527 
[2]  Coles, R. J. et al. Chirality of nanophotonic waveguide with embedded quantum emitter for 
 unidirectional spin transfer. Nat. Commun. 7:11183 (2016). 
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(Invited) Cavity quantum electrodynamics with quantum dots: from atomic-like physics to quantum transport 

A Cottet 

CNRS Paris, France 

Circuit QED techniques have turned out to be instrumental to probe or manipulate coherently the state of 
superconducting quantum bits. The success of this field relies on the implementation of a strong coupling 
between the superconducting quantum bits and cavity photons. Recently, experiments on quantum dot circuits 
embedded in coplanar microwave cavities have appeared [1,2]. This architecture is appealing since new 
degrees of freedom like spins or charges confined in a quantum dot could be used in the context of circuit QED. 
In the first part of this talk, I will show how one can use carbon nanotube based quantum dots in that context. 
More precisely, I will demonstrate the strong coupling between cavity photons and the internal charge degree of 
freedom of a double quantum dot connected to a superconducting contact [3]. 

Quantum dots circuits are also interesting as model systems for quantum transport. In the second part of this 
talk, I will show that microwave cavities provide a new and powerful way to study tunneling processes between 
a quantum dot and a metallic contact. In particular, for a quantum dot coupled to a superconducting contact, a 
microwave cavity reveals photo-emission due to quasiparticle tunneling between the dot and a BCS peak of the 
superconductor, although this effect is too weak to be detected by our DC transport measurements [4]. 

[1]   M.R. Delbecq et al, Phys. Rev. Lett. 107, 256804 (2011). 
[2]   T. Frey et al, Phys. Rev. Lett. 108, 046807 (2012). 
[3]  L.E. Bruhat, J.J. Viennot, M.C. Dartiailh, M.M. Desjardins, A. Cottet and T. Kontos, submitted 
[4]  L.E. Bruhat, J.J. Viennot, M.C. Dartiailh, M.M. Desjardins, T. Kontos and A. Cottet, to appear in PRX 

 

 

 
Deterministic giant photon phase shift from a single charged quantum dot 

P Androvitsaneas1, A B Young1, J M Lennon1, C Schneider2, S Maier2, J J Hinchliff1, G S Atkinson1, E Harbord1, M 
Kamp2, S Höfling2,3, J G Rarity1 and R Oulton1 
1University of Bristol, UK, 2Universität Würzburg, Germany, 3University of St Andrews, UK 

Quantum dots (QDs) can be incorporated into solid state photonic devices such as cavities or waveguides that 
enhance the light-matter interaction. A near unit efficiency light-matter interaction is essential for deterministic, 
scalable quantum information devices [1]. In this limit, a single photon input into the device will undergo a 
large rotation of the polarization of the light field due to the strong interaction with the QD. In the past hopeful 
preliminary results have indicated that a low quality-factor (Q~290) pillar microcavity possesses a high β-
factor and that the instantaneous interactions should be deterministic and with high fidelity [2].  

Here we measure the instantaneous response of the device and a macroscopic (~ 2
3
𝜋𝜋 or ~120o) lower bound 

for the phase shift of the reflected light as a result of the interaction is measured [3]. We are able to measure 
this large angle by measuring the phase shift over timescales shorter than the time for spectral diffusion (100 
s). To do this we monitor times when the count rate of the cross-polarized channel is high and the co-polarized 
channel is low. A lower bound to the phase shift is determined from these measurements and plotted in Fig 1. 
The dark blue region shows that for the correct conditions the phase shift is consistently above 0.63𝜋𝜋. In fact it 
is known that over a value of 0.5𝜋𝜋, one should expect a phase shift of 𝜋𝜋. Our measured values are limited just 
by the collection efficiency and mode-matching capabilities. 

This large rotation angle demonstrates this simple low quality-factor design will enable deterministic light-
matter interactions with very high extraction efficiencies (>60%). This is in spite of well-characterised spectral 
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diffusion much slower than the exciton lifetime (~kHz). Improved mode-matching and further optimisation of 
the structure may lead to structures with near unity efficiency. 

 

Figure 1. A plot of the phase shift (lower bound value) for specific count-rates in the heralding detectors APD-
1(co-pol) and APD-2 (cross-pol) in 100 µs time bins. The colour map represents the QD-induced phase shift 
(lower bound value) measured via two independent detectors APD-3 (co-pol), and APD-4 (cross-pol). 

[1]  C. Y. Hu et al., Phys. Rev. B 78, 085307 (2008). 
[2]   P. Androvitsaneas et al., Phys. Rev. B 93, 241409(R) (2016). 
[3]   P. Androvitsaneas et al., arXiv:1609.02851(2016). 

 
 
 
Light-matter interfacing with quantum dots: a polarization tomography approach 

C Antón Solanas1, P Hilaire1, C A Kessler1, J Demory1, N Somaschi1, A Lemaître1, I Sagnes1, O Krebs1, N-D 
Lanzillotti-Kimura1, P Senellart1,2 and L Lanco1,3 

1CNRS, France, 2Ecole Polytechnique, France, 3University Paris-Diderot, France 

The development of quantum networks requires an efficient interface between stationary and flying qubits. A 
promising approach is a single semiconductor quantum dot (QD) deterministically coupled to a micropillar 
cavity: such a device performs as a bright single photon emitter [1] as well as the QD state can be coherently 
manipulated with few incoming photons [2]. Reciprocally, we have also demonstrated that a giant rotation of 
photon polarization is induced by a single QD spin qubit [3]. 
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Figure 1: (a) Scheme of the electrically-controlled QD-cavity device and the input-output fields. (b) 
Representation of the polarization state in the Poincaré sphere for varying excitation laser wavelength λ. The 
colorscale represents the purity of the polarization density matrix which is kept above 84% at all wavelength. 

Here, we investigate the polarization rotation of coherent light interacting with a QD-cavity system by analysing 
the photon polarization density matrix in the Poincaré sphere. The superposition of emitted single photons (H-
polarized) with reflected photons (V- polarized, see scheme in Figure1 (a)) leads to a rotation of the output 
polarization by 20º both in latitude and longitude [4]. The evolution of the output state is illustrated in the 
Poincaré sphere as function of the excitation laser wavelength (λ) scanned across the QD transition wavelength 
(see Fig. 1(b)). We demonstrate that the coherent part of the QD emission contributes to polarization rotation, 
whereas its incoherent part contributes to degrading the polarization purity. This yields crucial information on 
the light-matter interfacing to coherently convert quantum information from a stationary qubit to a flying one. 

Our results open the way to numerous experiments whereby the evolution of a single electron spin, described in 
the Bloch sphere, can be monitored by or entangled with the evolution of a photon polarization qubit, described 
in the Poincaré sphere. 

[1]  N. Somaschi et al., Nat. Photon. 10, 340 (2016). 
[2]  V. Giesz et al., Nat. Com. 7, 11-20986 (2016). 
[3]  C. Arnold et al., Nat. Com. 6, 6236 (2015).  
[4]  C. Antón et al., in preparation (2016). 
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Sensitive radio-frequency reflectometry  

N Ares1, F Schupp1, T Pei1, A Mavalankar1, M Mergenthaler1, G Rogers1, J Griffiths2, G Jones2, I Farrer2, D 
Ritchie2, C Smith2, J Warner1, A Cottet3, A Briggs1 and E Laird1  
1University of Oxford, UK, 2University of Cambridge, UK, 3Université Pierre et Marie Curie-Sorbonne Universités, 
France 

Gate-defined quantum dots are promising for spin qubits, but this requires fast and sensitive measurements, 
which are hindered by poor impedance matching to the device. We experimentally show how to achieve 
controllable perfect matching with a high device impedance; a gate-defined GaAs quantum dot. Voltage-
controlled capacitors allow in situ tuning of the matching condition, even accounting for parasitics, and an 
absolute calibration of the capacitance sensitivity. We benchmark our results against the requirements for 
single-shot qubit readout using quantum capacitance. We measure the complex impedance of a Coulomb-
blockaded quantum dot, finding that the capacitance changes in proportion to the conductance, in agreement 
with a quasistatic model of electron tunneling. This reflectometry circuit also allow us to probe the motion of a 
suspended carbon nanotube. By using a gate voltage to tune the carbon nanotube into resonance with the 
radio-frequency resonator at 300 MHz, the mechanical signal is transduced efficiently to an electrical signal. 
We evaluate the suitability of this readout scheme for monitoring mechanical motion near the ground state. 

 

A single-electron interferometer in silicon 

A Chatterjee1, S N Shevchenko2,3, S Barraud4, R Otxoa5, F Nori2, J J L Morton1 and M F Gonzalez-Zalba5 

1University College London, UK, 2Center for Emergent Matter Science, Japan, 3B. Verkin Institute for Low 
Temperature Physics and Engineering, Ukraine, 4CEA/LETI-MINATEC campus, France, 5Hitachi Cambridge 
Laboratory, UK 

Landau-Zener-Stückelberg (LZS) interferometry has gained prominence as a tool to study the coherent 
properties [1] and energy level spectrum of quantum systems [2]. Here, we present a multi-level LZS 
interferometry study performed in a silicon-transistor-based charge qubit tunnel coupled to a fermionic sea that 
allows us to characterise the qubit dynamics in the strong-driving regime. 

We read-out the charge state of the system in a continuous non-demolition way by measuring the dispersive 
response of a high-frequency resonator coupled to the quantum system via the gate [3,4]. 

By performing multiple fast passages through the qubit’s avoided crossing we observe the emergence of the 
LZS interferometry pattern [5]. At stronger microwave drives, using a projective measurement to an even-parity 
charge state, we demonstrate a strong geometrical enhancement of the readout signal. An even stronger drives, 
we perform a second projective measurement during the coherent evolution, resulting in a loss of the 
interference pattern. 

Our results demonstrate a way to increase the state readout signal of coherent quantum systems and replicate 
single-electron analogues to optical interferometry. 

[1]  Oliver W. D. et al., Science, 310 1653 (2005) 
[2]  Berns D. M. et al. Nature, 455 51 (2008) 
[3] Colles J. L. et al. Phys Rev Lett 110 046805 (2013) 
[4]  Gonzalez-Zalba M.F. et al., Nature Commun., 6, 6084 (2015) 
[5]  Gonzalez-Zalba M.F. et al., Nano Lett. 16 1614 (2016) 
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(Invited) Towards scalable sources of entangled photons based on quantum dots  

R Trotta  

Johannes Kepler University Linz, Austria  

The prospect of using the quantum nature of light for secure communication keeps spurring the search and 
investigation of suitable sources of entangled photons. A single semiconductor quantum dot (QD) is arguably 
one of the most attractive, as it can generate entangled photons on demand and it is compatible with current 
photonic-integration technologies. However, the possibility of using QD entanglement resources in advanced 
quantum optics experiments is hampered by the presence of structural asymmetries and by decoherence 
mechanisms that degrade the level of entanglement and the indistinguishability of the emitted photons.  

In this talk, I will first introduce a novel class of semiconductor-piezoelectric devices [1] in which different 
external perturbations are combined to reshape the electronic structure of any arbitrary InGaAs QD so 
polarization-entangled photons can be generated with high quality and speed [2, 3]. Then, I will show how full 
control over the QD in-plane strain tensor allows the energy of the entangled photons emitted by QDs to be 
precisely controlled [4, 5] in the spectral range in which a cloud of natural atoms behaves as a slow-light 
medium [6]. To conclude, I will present our recent results on GaAs QDs fabricated via the droplet-etching 
method [7]. In particular, I will show that under resonant two-photon excitation, these novel QDs can generate 
photon-pairs with high purity, high indistinguishability, and with an unprecedented degree of entanglement that 
– in contrast to InGaAs QDs – can even reach near-unity values.  

[1]  R. Trotta, et al., in “Engineering the atom-photon interaction”(Springer, Berlin, 2015).  
[2]  R. Trotta, et al. Nano Lett. 14, 3439 (2014).  
[3]  J. Zhang, et al. Nature Comm. 6, 10067 (2015).  
[4]  R. Trotta, et al. Phys. Rev. Lett. 114, 150502 (2015).  
[5]  R. Trotta, et al. Nature Comm. 7, 10375 (2016).  
[6]  J. S. Wildmann, et al. Phys. Rev. B 92, 235306 (2015).  
[7]  D. Huber, et al., arXiv:1610.06889 (2016). 

 
 
Growth scheme for quantum dots with low fine structure splitting at telecom wavelengths 

J Skiba-Szymanska1, R M Stevenson1, C Varnava1,2, M Felle1,2, J Huwer1,  T Müller1, A J Bennett1, J P Lee1,2, I 
Farrer2,3, A Krysa3, P Spencer2, L E Goff2,  D A Ritchie2, J Heffernan3 and A J Shields1 

1Toshiba Research Europe Limited, UK, 2University of Cambridge, UK, 3University of Sheffield, UK 

The next challenge in quantum technology field are efficient light sources at telecom wavelengths suitable to 
deliver entangled photons [1]. Quantum dots based on InAs/InP are promising candidates to be used in future 
quantum networks applications based on existing fibre optics infrastructure as they emit with wavelength 
suitable for the standard telecom window around 1550 nm [2]. A prerequisite for the generation of such 
entangled photons is a small fine structure splitting (FSS) in the quantum dot excitonic eigenstates, as well as 
the ability to integrate the dot into photonic structures to enhance and direct its emission. Using optical 
spectroscopy, we show that a growth strategy based on droplet epitaxy can simultaneously address both 
issues.  
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Figure 1: FSS statistics on S-K QDs and droplet epitaxy QDs emitting in telecom ‘C’ band.  

Contrary to the standard Stranski-Krastanow technique, droplet epitaxy dots do not rely on material strain 
during growth, which results in a drastic improvement in dot symmetry. As a consequence, the average exciton 
FSS is reduced by more than a factor 4, which in turn increases the probability of finding a dot with FSS below 
15|| eV from less than 1 in 1000 to 1 in 10 (see Figure 1). Furthermore, we demonstrate that droplet epitaxy 
dots can be grown on the necessary surface (001) for high quality optical microcavities, which increases dot 
emission count rates by more than an order of magnitude. Together, these properties make droplet epitaxy 
quantum dots readily suitable for the generation of entangled photons at telecom wavelengths.  

[1]  R. M. Stevenson, R. J. Young, P. Atkinson, K. Cooper, D. A. Ritchie, and A. J. Shields, “A semiconductor 
 source of triggered entangled photon pairs,” Nature 439, 179–182 (2006). 
[2]  T. Miyazawa, K. Takemoto, Y. Sakuma, S. Hirose, T. Usuki, N. Yokoyama, M. Takatsu, and Y. Arakawa, 
 “Single-Photon Generation in the 1.55-µm Optical-Fiber Band from an InAs/InP Quantum Dot,” 
 Japanese Journal of Applied Physics 44, L620 (2005). 

 
 
GaAs quantum dots in AlGaAs nanowires 

C P Pedersen1, L Leandro1, I Shtrom2, K Jöns3 and V Zwiller3, G Cirlin2 and N Akopian1 

1Technical University of Denmark, Denmark, 2St. Petersburg Academic University, Russia, 3KTH Royal Institute of 
Technology, Sweden 

Quantum dots in nanowires are one of the most promising systems for numerous applications in quantum 
nanophotonics. Recently, several groups have successfully demonstrated nanowire quantum dots in various 
material systems [1,2]. However controlled growth of high quality GaAs quantum dots in nanowires remains a 
challenge [3,4]. 

Here we show controllably grown GaAs quantum dots in AlGaAs nanowires with excellent optical properties. We 
use molecular beam epitaxy technique to grow our samples on a Si substrate. Our growth method results in 
quantum dots with very narrow spectral linewidth (<10ueV) [5], single-photon and cascaded-photons 
emission. Moreover, we precisely control the dimensions of quantum dots and their position inside nanowires, 
and demonstrate that the emission wavelength can be engineered within the range of at least 30 nm around 
765 nm. 
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Our work allows for integration of several key advantages of nanowires with GaAs quantum dots, enabling, for 
instance, direct vertical stacking of multiple quantum  dots, efficient waveguiding of photons emitted from 
quantum dots and precise positioning of quantum dots on a chip. 

 
Figure 1: GaAs quantum dots in AlGaAs nanowires. a) Schematics of the sample. b) Scanning electron 
microscopy image of the sample. c) Photoluminescence (PL) spectra of three samples with different growth 
times of a quantum dot (5, 7 and 15 seconds). Inset shows a spectral zoom of one of the emission lines. d) 
Auto-correlation (left) and crosscorrelation (right) measurements demonstrating single-photon and cascaded-
photons emission respectively. e) Photoluminescence spectra under external magnetic field. 

[1]  D. Dalacu et al, Nano Lett., 12, 5919 (2012) 
[2]  M. Heiss et al, Nature Materials 12, 439 (2013) 
[3]  V. N. Kats et al, Semicond. Sci. Technol., 27, 015009 (2012) 
[4]  J. Heinrich et al, Appl. Phys. Lett., 96, 211117 (2010) 
[5]  L. Leandro et al., In preparation 

 
 
What makes a good single photon Source and how to quantify this? 

J C López Carreño1, E Zubizarreta Casalengua1, E del Valle1 and F P Laussy2,3  
1Universidad Autónoma de Madrid, Spain, 2University of Wolverhampton, UK, 3Russian Quantum Center, Russia 

Having good Single Photon Sources (SPS) is an increasingly burning need of optical quantum information 
processing (with the establishment of quantum supremacy through boson sampling in sight). With quantum 
dots as the active emitter, there has been spectacular progress in recent years, with high-quality sources that 
are further enhanced by better engineering, better technology, growing better samples, etc. [1–6] 

Here, we take a fundamental look at the question of what makes a good single-photon emitter. Why, for 
instance, does a resonantly driven quantum dot typically provide a better antibunching than an incoherently 
driven one? Practical considerations involve important factors such as wetting layer excitation, heating, etc. 
However, there is also, at a theoretical level, a key fundamental difference that involves the different dynamics 
of absorption and emission. [7]  

In a first part of this talk, we explain the mechanism of single-photon emission and what factors are responsible 
for spoiling or limiting it. In a second part, we propose a new type of SPS that takes advantage of this inside 
knowledge to propose better SPS at a fundamental level (our scheme involves a chain of SPS driving each 
other’s). In a third part, finally, we propose a new criterion that quantifies how good a SPS performs, which does 
not reduce to the popular g(2)(0), that can lead to misleading results (e.g., being very small for sources that emit 

17    



 
 

with features of chaotic light) [8]. This criterion applied cross-platforms confirms that our proposed scheme is 
the best on the (theoretical) market. 

[1]  Somaschi, N. et al. Near-optimal single-photon sources in the solid state. Nat. Photon. 10, 340 (
 2016). 
[2]  Ding, X. et al. On-demand single photons with high extraction efficiency and near-unity 
 indistinguishability from a resonantly driven quantum dot in a micropillar. Phys. Rev. Lett. 116, 
 020401 (2016). 
[3]  Wang, H. et al. Near-transform-limited single photons from an efficient solid-state quantum emitter.
 Phys. Rev. Lett. 116, 213601 (2016). 
[4]  Kim, J.-H., Cai, T., Richardson, C. J. K., Leavitt, R. P. & Waks, E. Two-photon interference from a bright 
 single-photon source at telecom wavelengths. Optica 3, 577 (2016). 
[5]  Dada, A. C. et al. Indistinguishable single photons with flexible electronic triggering. Optica 3, 493 
 (2016). 
[6]  Müller, K. et al. Self-homodyne-enabled generation of indistinguishable photons. Optica 3, 931 
 (2016). 
[7]  López Carreño, J. C., Sánchez Muñoz, C., del Valle, E. & Laussy, F. P. Exciting with quantum light. ii.
 exciting a two-level system. In press in Phys. Rev. A, arXiv:1609.00857 (2016). 
[8]  López Carreño, J. C., Zubizarreta Casalengua, E., del Valle, E. & Laussy, F. P. Criterion for single photon 
 sources. arXiv:1610.06126 (2016). 

 
 

Far-field nanoscopy on a single self-assembled quantum dot 

T Kaldewey1, A Kuhlmann2, A Luwidg3, A Wieck3 and R J Warburton1 

1University of Basel, Switzerland, 2IBM Research-Zurich, Switzerland, 3Ruhr-Universität Bochum, Germany 

The diffraction limit prevents a conventional optical microscope from imaging at the nanoscale. Diffraction-
unlimited imaging of single molecules is possible by creating an intensity dependent molecular switch. 
Schemes such as STED (stimulated emission depletion) hinge on this concept. However, STED requires two 
optical transitions, one for excitation in the “green” the other for stimulated de-excitation in the “red”, with rapid 
relaxation between them. STED is therefore rather molecule-specific and it also dumps a large amount of heat 
into the molecule per cycle. We propose an imaging scheme which relies on the coherent response of a two-
level system to a laser: it facilitates diffraction-unlimited imaging, far-field “nanoscopy”, of a single two-level 
emitter. 

The imaging scheme is based on rapid adiabatic passage (RAP) which provides an ideal off:on switch for 
imaging purposes: the system remains in the ground state for small pulse intensities (“off”) but is inverted for 
large pulse intensities (“on”). A beam with a Gaussian intensity profile populates the upper state. A beam with 
doughnut intensity profile repopulates the ground state for all positions except those close to the central zero of 
the doughnut where the system is left in the excited state and decays by spontaneous emission resulting in a 
photon which can be detected.  

We implement the scheme on a single self-assembled quantum dot exploiting the two-level character of the 
ground state – exciton transition. Ultra-short laser pulses (~100 fs) are stretched to a pulse duration of ~10 ps 
by introducing a large chirp and then used for RAP on a single quantum dot. Exciton occupation is monitored by 
collecting the resonance fluorescence. Single quantum dots show close-to-ideal RAP behaviour even up to 
pulse areas of ~10π. Imaging with a cryogenic confocal microscope results in a “blurred” image of extent 
~300 nm, close to the Abbe diffraction limit. Imaging however with two RAP pulses, the first with a Gaussian 
spatial profile the second with a doughnut profile, results in a bright spot at the doughnut centre. The size of this 
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central spot decreases with increasing doughnut intensity. So far, we have achieved a spatial resolution of 
~ 30 nm (λ/31). Significantly, the signal at the doughnut centre remains roughly constant: a hugely improved 
spatial resolution does not come at the expense of the signal. We also demonstrate the capability of the 
scheme to image several quantum dots lying within the focal spot. Each quantum dot is excited with the same 
laser pulse – the laser pulse has a large spectral bandwidth – but emits at a specific frequency. The possibilities 
of pushing this scheme to imaging further into the nano-regime will be discussed. 

 
(Invited) Nuclear notch filtering and long-distance spin exchange in GaAs quantum dots 

F Kuemmeth 

University of Copenhagen, Denmark 

Spin qubits based on semiconducting quantum dots are promising candidates for quantum computation, due 
to their potential for miniaturization, scalability and fault tolerance. In this talk I will present recent results on 
how to mitigate nuclear noise in GaAs spin qubits using nuclear notch filtering techniques, and on achieving 
coherent exchange operations between distant spins using a multielectron quantum dot. 

In order to decouple a singlet-triplet qubit from nuclear spin fluctuations, we investigate Carr-Purcell-Meiboom-
Gill (CPMG) sequences applied to GaAs double dots. At high magnetic fields we find that qubit dephasing is 
limited by narrow-band high-frequency noise arising from Larmor precession of 69Ga, 71Ga, 75As nuclear spins. 
By aligning the notches of the CPMG filter function with differences of the discrete nuclear Larmor frequencies 
we demonstrate a qubit coherence time of 0.87 ms, i.e. more than five orders of magnitude longer than the 
duration of a π exchange gate in the same device. 

Further, we use a singlet-triplet qubit implemented in a GaAs double dot to probe the exchange coupling 
between one of its dots and a nearby multielectron dot. We find that the spin-exchange energy can have 
opposite sign compared to exchange between singly- occupied dots. This behavior occurs already at zero 
magnetic field, is robust to in-plane magnetic fields, and can be changed by applying out-of-plane magnetic 
fields or by changing the occupancy of the multielectron dot. By coupling a second singlet-triplet qubit to the 
multielectron dot, we map out different configurations useful for long-distance spin exchange, including 
superexchange, direct spin exchange, and on-site exchange mediated by the multielectron dot. Our results 
show a pathway to implementing fast, non-nearest neighbour two-qubit gates in semiconducting spin qubits. 

 
Top: A central multielectron dot is used to mediate exchange coupling J between two double dots, each 
operated as a singlet-triplet qubit. Bottom: Fast electrical control of non-nearest neighbor spin exchange is 
accomplished by pulsing five gate electrodes simultaneously (shaded in blue) on top of a GaAs heterostructure. 
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Measuring nuclear spin temperature and GaAs hyperfine constants in GaAs/AlGaAs quantum dots 

E A Chekhovich1, A Ulhaq1, E Zallo2,3, F Ding2, O G Schmidt2 and M S Skolnick1 
1University of Sheffield, UK, 2Institute for Integrative Nanoscience, Germany, 3Paul-Drude-Institut fur 
Festkorperelektronik, Germany 

Deep cooling of electron or nuclear spins is equivalent to achieving ~100% spin polarization and is a key 
requirement in solid state quantum information technologies. Polarization of 99% and beyond have been 
achieved for individual electron and nuclear spins (e.g. in diamond and SiC defects), and for nuclear spins in 
bulk specimens. By contrast, despite all attempts, the polarization of a mesoscopic nuclear spin ensemble of a 
semiconductor quantum dot has been inexplicably limited to 60-65% [1, 2]. Theoretical models have 
attributed this limit to formation of coherent “dark” nuclear spin states [3, 4] but experimental verification is 
lacking. 

Here we measure the nuclear polarization in weakly strained GaAs/AlGaAs quantum dots grown by nanohole 
etching and in-filling. Polarizations up to 80% are observed – the highest reported so far for optical cooling of 
nuclear spins in quantum dots. We show that this value is still not limited by nuclear “dark” states. In all 
previous studies, the nuclear spin polarization degree PN was estimated by measuring the electron hyperfine 
shifts Ehf ∝APN. However, such approach is vulnerable to the uncertainties in hyperfine constant values A and 
the unknown spatial inhomogeneity of the nuclear spin polarization within the dot volume. Here we develop a 
technique that does not rely on the accuracy of A and Ehf, but is rather based on direct mapping of the nuclear 
spin-3/2 eigenstate populations using magnetic resonance pulses. Using this method, we show that optical 
cooling creates an equilibrium nuclear spin state, whose spin temperature can be measured leading to a 
reliable estimate of polarization degree PN. 

Based on direct and reliable measurement of PN we are able to determine electron hyperfine constants A of 
GaAs. Remarkably, although GaAs is one of the most important materials in semiconductor technology, its 
hyperfine material constants have not been measured experimentally, but only estimated from experiments on 
InSb conducted more than five decades ago [5]. 

Our demonstration of nuclear spin thermometry and record high polarization degrees of a mesoscopic nuclear 
spin ensemble unlocks a route for the progress towards quantum dot electron spin qubits where deep cooling of 
the nuclei is used to achieve long qubit coherence [6]. Further effort is underway to extend the techniques to 
self-assembled quantum dots, identify physical mechanism limiting polarization at 80%, and develop nuclear 
spin cooling protocols to achieve close to 100% polarizations. 

[1]  D. Gammon et al, Phys. Rev. Lett. 86, 5176-5179 (2001) 
[2]  E. A. Chekhovich et al., Phys. Rev. Lett. 104, 066804 (2010) 
[3]  A. Imamoglu et al., Phys. Rev. Lett. 91, 017402 (2003) 
[4]  H. Christ et al., Phys. Rev. B 75, 155324 (2007) 
[5]  M. Gueron et al., Phys. Rev. 135, A200-A205 (1964) 
[6]  J. Schliemann et al., Phys. Rev. B 66, 245303 (2002) 
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Large-scale deterministic creation of quantum emitters in atomically thin semiconductors 

D M Kara1, C Palacios-Berraquero1, A R-P Montblanch1, M Barbone1, P Latawiec2, M Loncar2, A C Ferrari1 and M 
Atatüre1 
1University of Cambridge, UK, 2Harvard University, USA 

Naturally occurring single-photon emitters (SPEs) have recently been observed in tungsten diselenide (WSe2) a 
member of the 2-dimensional transition metal dichalcogenide (2D-TMD) family. This is particularly exciting 
since the 2D nature of the TMD makes them ideal for interfacing with photonic architectures, building high 
speed optoelectronic devices, in the form of van der Waals heterostructures [1], and for direct bandgap 
engineering. Further, TMDs offer dangling-bond free surfaces, removing the issue of charge noise and traps 
faced by close-to-surface SPEs in bulk crystals. However, the physical origin of SPEs in (WSe2) remains 
unknown and investigations rely on their chance occurrence in a flake. In this talk I will discuss our recent 
results where we have created arrays of emitters by periodically modulating the topography of a one-layer WSe2 
crystal with a nanostructured substrate (see Figure 1a and b). We find their spectroscopic properties are better 
than their naturally occurring counterparts Fig. 1c, and see evidence that SPEs can also be created in tungsten 
disulphide (WS2) in a similar fashion [2]. I will then discuss the immediate issues that need to be addressed for 
emitters in TMDs, for example their low long-term stability in relation to SPEs in bulk, and the potential for TMDs 
to host optically active qubits for quantum computing purposes. 

 

Figure 1. Deterministic creation of large-scale quantum emitter array in 2D material. a. Schematic of the 
fabrication method. b. Dark-field optical microscopy (true colour) image of WSe2 on the nanopillar patterned 
substrate. c. Sharp emission spectrum corresponding to a deterministically created QE, with inset showing 
corresponding fine structure splitting. d. Photon-photon correlation measurement showing SPE from a 
deterministically created QE.  

[1]  Palacios-Berraquero, C. P. et. al. Atomically thin quantum light-emitting diodes. Nat. Commun. 7,
 12978 doi: 10.1038/ncomms12978 (2016). 
[2]  Palacios-Berraquero, C. P. et. al. Large-scale quantum-emitter arrays in atomically thin 
 semiconductors. Arxiv:1609.04244 (2016). 

  

21    



 
 

Deterministic strain-induced arrays of quantum emitters in a two-dimensional semiconductor 

A Branny, S Kumar, R Proux, and B D Gerardot 

Heriot-Watt University, UK 

An outstanding challenge in quantum photonics is scalability, which requires positioning of single quantum 
emitters in a deterministic fashion. Site positioning progress has been made in established platforms including 
defects in diamond[1] and self-assembled quantum dots[2] albeit often with compromised coherence and 
optical quality. The emergence of single quantum emitters in layered transition metal dichalcogenide 
semiconductors[3] offers new opportunities to construct a scalable quantum architecture. 

Here, using nanoscale strain engineering, we deterministically achieve a two- dimensional lattice of quantum 
emitters in an atomically thin semiconductor[4]. We create point- like strain perturbations in mono-and bi-layer 
WSe2 which locally modify the band-gap, leading to efficient funnelling of excitons[5] towards isolated strain-
tuned quantum emitters that exhibit high-purity single photon emission6. These arrays of non-classical light 
emitters open new vistas for two-dimensional semiconductors in cavity quantum electrodynamics and 
integrated on-chip quantum photonics. 

 
Figure: Optical micrographs of an exfoliated 1L WSe2 flake (a) before and (b) after transfer onto a Si substrate 
with an array of dielectric nanopillars. The black box in (b) identifies the nanopillars covered by the 1L region. 
(c) AFM image of the topography of the flake on top of the nanopillars, revealing a lattice of locally strained 
points. (d) Cross-section AFM profile of a bare nanopillar #0 and nanopillar #7 that is covered by the 
monolayer. (e) Second-order photon correlation statistics from a typical 1L quantum emitter revealing clear 
antibunching [g(2)(0)=0.067±0.039 and tau =2.83±0.15 ns]. (f) Color- coded spatial map of the integrated PL 
signal in the spectral range of 660−830 nm. (g) Example PL spectra of isolated quantum emitters at the pillar 
locations as labelled. Also shown is the weak signal from the unstrained 1L and 2L WSe2. 

[1]  Meijer et al., APL 87, 261909 (2005); McLellan et al., Nano Lett. 16, 2450 (2016)  
[2]  Jöns et al. Nano Lett. 13, 126 (2013); Yang et al., APL 108, 233102 (2016)  
[3]  Srivastava et al., NatNano 10, 491 (2015); He et al., NatNano 10, 497 (2015); Koperski et al., 
 NatNano 10, 503 (2015); Chakraborty et al. NatNano 10, 507 (2015); Tonndorf et al., Optica 2, 347 
[4] Branny et al. arXiv:1610.01406v1  
[5]  Castellanos-Gomez et al. Nano Lett. 13, 5361 (2013).  
[6]  Kumar, Kaczmarczyk, and Gerardot, Nano Lett. 15, 7567 (2015); Kumar et al. Optica 3, 882 (2016) 
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Hybrid 2D-Quantum dot heterostructures via the Langmuir-Blodgett technique    

J Roberts1, A Black2,3, R Bernado-Gavito1, M Acebrón2, G Alsharif1, F Jiménez2, B H Juárez2, D Granados2, A 
Vázquez de Parga2,3, C Woodhead1, Y Noori1, B J Robinson1 and R J Young1  
1Lancaster University, UK, 2IMDEA-Nanoscience Institute, Spain, 3Universidad Autónoma de Madrid, Spain 

The creation of hybrid quantum systems, which exploit the desirable attributes of varying degrees of quantum 
confinement, is of extreme interest for future device applications. For example, colloidal quantum dots (CQDs) 
provide excellent light emitting and absorbing properties, whilst allowing flexible tuning of their band gap 
through control of their dimensions. Graphene, on the other hand, is an excellent transparent ohmic conductor, 
making it ideal for electronic connectivity, whilst limiting unwanted light absorption. A combination of these 
complimentary traits can provide the key ingredients for a hybrid optoelectronic device.  

The flexibility of the Langmuir-Blodgett (LB) technique, illustrated in fig. 1a, provides an attractive method for 
the scalable deposition of such unconventional nanomaterials. This capability, coupled with the ease of 
depositing such materials onto a range of substrates and the possibility of achieving long-range order, results in 
the outstanding ability to design and fabricate novel heterostructures for optoelectronic device applications.  

In this work, the use of the LB method for the fabrication of complex heterostructures comprising of 
semiconducting colloidal quantum dots (CQDs) sandwiched between graphene sheets is shown for the first 
time (fig. 1b). A particularly interesting feature of this work is the use of CQDs capped with silica-shells. As of 
yet, the LB deposition of this type of quantum dot has not been achieved, but they provide vast potential as 
they can be suspended in non-toxic solvents which allows for the increased flexibility of applications where 
toxicity is a concern. Herein, the use of electrospray deposition has facilitated the LB deposition of silica 
capped CQDs for the first time (fig. 1c). These devices provide a potential platform for creating optoelectronic 
identification devices, whilst being of great interest for a number of other applications, including LEDs, quantum 
information processing and solar cells. 

 
Figure 1: (a) Deposited colloidal quantum dots (CQD’s) are compressed by moveable barriers until they form a 
solid film (indicated by a tensiometer), which is then transferred to a substrate through a dipping mechanism. 
(b) Scanning electron microscope image of a Gr/CQD/Gr heterostructure, inset shows an illustration of such a 
device. (c) Electrospray-mediated deposition of CQDs onto LB trough 
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P:01 Transport through Si QDs in the devices for quantum information applications: Theory and experiment 

A Andreev1, T-Y Yang1, M F Gonzalez-Zalba1, Y Yamaoka1, T Ferrus1, S Oda2, T Kodera1 and D A Williams1 

1Hitachi Cambridge Laboratory, UK, 2Tokyo Institute of Technology, Japan 

We present a detailed 3D modelling of transport through Si QD single electron transistor used for charge 
sensing in the devices for quantum information applications. The model includes several stages: 3D digitization 
of the real QD device (see Fig.1); electron wavefunction calculations in the QDs through the solution of the 
coupled Poisson's and Schroedinger-like equations; determination of the effective capacitance matrix of the 
device; transport calculations in the Coulomb blockade regime using the solution of the master equations. We 
apply the developed model to two types of the devices. The first type includes the structures [1] with trench-
isolated double QDs and single electron transistors (formed as source, drain and side gates and the QD, see 
bottom of left image in Fig.1). The second type includes the structures with silicon nanowire field-effect 
transistors [2] with corner QDs formed by the electric field in the channel of the transistor. In both cases we 
have built a real 3D device and carried out the modelling of the transistor current to compare with the 
experiment [1,2]. It is important to note that the model does not contain any adjustable or fitting parameters – 
using the device structure and geometry we were able to predict qualitatively and quantitatively the current 
variations in both types of devices and reproduce stability diagrams showing charge movements in the QDs 
observed in experiment [1,2]. We conclude that the developed model can be used as a design and 
optimisation tool for new structures and predicting new phenomena for quantum information applications. 

 
Figure 1 (left): SEM image of the structure with Si isolated double QDs and single electron transistor; the dots 
show the digitisation of the structure used for the modelling; (middle): calculated 3D distribution of electrical 
potential in the structure on the left as part of effective capacitance determination for Coulomb blockade 
transport modelling; (right): 3D model image of the structure with silicon nanowire field-effect transistor with 4 
gates and QDs used for the modelling. 

[1]  T.-Y. Yang, et.al., 2016 IEEE International Electron Devices Meeting (IEDM), (2016)  
[2]  M.F. Gonzalez-Zalba, et.al. Nature Comm. 6, 6084 (2015) 
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P:02 Efficient collection from single photon sources using surface-confined modes 

M Parker, E Harbord, M Lopez Garcias, J Rarity and R Oulton 

University of Bristol, UK 

Bright single-photon sources are necessary for implementing many quantum technologies and quantum dots 
(QDs) are a promising such source. However collection is difficult as they emit isotropically and are confined in 
high-index materials. We propose a hybrid plasmonicphotonic structure known as a Confined Tamm Plasmon 
(CTP) to efficiently extract these photons and collect into a small NA fibre (with no additional bulk optics). 

Tamm Plasmons are a type of optical surface mode that exist between a metal layer and a dielectric Bragg 
reflector (DBR). The light is confined by the metal’s negative dielectric constant and by the photonic bandgap of 
the DBR. The field maximum is located not at the metal interface but within the top dielectric layer of the DBR. 
This results in less loss and higher Q factors compared to surface plasmons polaritons (SPPs). The TP can be 
confined laterally by limiting the metal layer’s dimensions [1] 

It has already been demonstrated that adding a grating to the metal layer of a [non-confined] TP improves 
control of emission direction and polarization [2]. The grating fulfills the SPP momentum-matching conditions 
which allows the excitation of hybrid TP-SPP modes. By integrating this system into CTPs we hope to combine 
this with the strong emission enhancement to make efficient, bright single-photon sources. Compared to similar 
systems, no treatment or etching of the active layer is involved. 

[1]  O. Gazzano, S. Michaelis De Vasconcellos, K. Gauthron, C. Symonds, J. Bloch, P. Voisin, J. Bellessa, A. 
 Lemaˆıtre, and P. Senellart. Evidence for confined Tamm plasmon modes under metallic microdisks 
 and application to the control of spontaneous optical emission. Physical Review Letters, 107(24):4–8, 
 2011. 
[2]  M. Lopez-Garcia, Y. L D Ho, M. P C Taverne, L. F. Chen, M. M. Murshidy, A. P. Edwards, M. Y. Serry, A. 
 M. Adawi, J. G. Rarity, and R. Oulton. Efficient out-coupling and beaming of Tamm optical states via 
 surface plasmon polariton excitation. Applied Physics Letters, 104(23), 2014. 1. 
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P:03 Method of images applied to driven solid state emitters 

D Scerri, T Santana, B Gerardot and E Gauger 

Heriot-Watt University, UK 

Increasing the collection efficiency from solid state emitters is an important step towards achieving robust 
single photon sources, as well as optically connecting different nodes of quantum hardware. A metallic 
substrate is the most basic method of improving the collection of photons from quantum dots, and has been 
shown to increase the collection efficiency from the bulk sample to over 50%. Modelling the effects of such a 
mirroring surface on an emitter’s properties has been done for atomic and molecular structures by replacing the 
metal surface with a second fictitious emitter to ensure appropriate electromagnetic boundary conditions. This 
“method-of-images” approach correctly yields the modified spontaneous emission rate and induced energy 
shift. Here, we extend this model to the case of solid state emitters, where exciton-phonon interactions also 
play a significant role in the dynamics of the system. An intuitive polaron-frame master equation is shown to 
agree with complementary but more cumbersome approaches to the same problem. Importantly, it offers a 
straightforward route towards studying the dynamics of multiple emitters near a metallic surface. 

 

 
Figure 1: Emission spectra for the effective two level system using the image method (purple) and single two 
level system (cyan). The insets show the presence of the phonon sidebands. 

 

 
Figure 2: Coherent-to-total emission ratio for the various cases studied in this work (ETLS: effective two level 
system, STLS: single two level system). The cases including interactions with the phonon bath show a lower 
ratio as the driving strength decreases. 
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P:04 Nanowire quantum dots tuned to atomic resonances 

L Leandro1, C P Pedersen1, I Shtrom2, K Jöns3, V Zwiller3, G Cirlin2 and N Akopian1 

1Technical University of Denmark, Denmark, 2St. Petersburg Academic University, Russia, 3KTH Royal Institute of 
Technology, Netherlands  

Quantum dots (QDs) tuned to atomic resonances represent an emerging field of hybrid quantum systems where 
the advantages of quantum dots and natural atoms can be combined [1,2]. Embedding QDs in nanowires 
boosts this hybrid system with a set of powerful possibilities, such as precise positioning of the emitters, 
excellent photon extraction efficiency and direct electrical contacting of QDs. 

Here we show, for the first time, nanowire QDs frequency-tuned to atomic transitions. We use GaAs QDs 
controllably grown inside AlGaAs nanowires [3]. We apply an external magnetic field to tune the emission of our 
QDs to the D2 transition of 87Rb. We then use the Rb transitions to precisely measure the actual spectral 
linewidth of QD photons (9.4 µeV), beyond the limit of a high-resolution spectrometer. 

Our work therefore brings highly-desirable functionalities to quantum technologies, enabling, for instance, 
realization of an arbitrary number of nanowire single-photon sources, all operating at the same frequency of an 
atomic transition. 

 
Figure 1: Nanowire quantum dot tuned to atomic resonances. a) Schematics of a hybrid system of a nanowire 
QD and natural atom, and b) their energy levels. c) Schematics of the experimental setup. 
d)Photoluminescence (PL) spectra of an exciton in a nanowire QD scanned through the atomic transitions. The 
data is interpolated for clarity. e) Transmission of the QD emission through the Rb, obtained by tracing the 
bottom line in d): experimental data (grey points) and fit of our model (blue line). The fit reveals very narrow 
emission linewidth of 9.4 µeV. 

[1]  N. Akopian et al., Nature Photon. 5, 230 (2011). 
[2]  H. M. Meyer et al., Phys. Rev. Lett. 114, 123001 (2015). 
[3]  C.P. Pedersen et al., In preparation 
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P:05 A single-photon fock state filter in the solid state 

L de Santis1, C Antón-Solanas1, B Reznychenko2, N Somaschi1, G Coppola1, J Senellart3, C Gómez1, A 
Lemaître1, I Sagnes1, N- D Lanzillotti1, L Lanco1, A White4, A Auffeves2, and P Senellart1 

1C2N, CNRS, Université Paris-Saclay, France, 2CNRS, France, 3Systran -SA - Rue Feydeau, France, 4University of 
Queensland, Australia 

One of the major roadblocks to scale optical quantum technologies is the probabilistic operation of quantum 
optical gates that are based on the coalescence of two indistinguishable photons. A way around this problem is 
to make use of the single-photon sensitivity of an atomic transition when the atom interacts with only a single 
mode of the optical field (one dimensional atom case [1]). In such situation, each photon sent on the device 
interacts with the atom: the first photon is reflected and the second one is transmitted, realizing a deterministic 
photon router. Such possibility has been investigated in QD-photonic crystal cavities [2], yet in an indirect way 
since the response was measured in crossed polarization to post- select on photons that have entered the 
cavity. 

In this work, we demonstrate the single-photon filtering by a QD in a micropillar cavity performing as a quasi-
ideal one dimensional atom [3], see scheme in Fig. 1(a). The device is probed with a pulsed laser and we 
collect the total reflected signal in the same polarization. As shown in Fig. 1(b), the system presents a 
nonlinearity threshold for an average incident photon number as low as ~0.3.  The g(2)(0) measure of the 
reflected light evidences that it is mostly constituted by single-photons [80% single- photons of the total output 
intensity, see Fig. 1(c)] and that the multi-photon component of the field is efficiently suppressed. Three-
photon correlation measurements of the reflected signal have been performed to evidence the non-poissonian 
statistics of the output photons [4] performed to evidence the non-poissonian statistics of the output photons 
[4]. 

 

Figure 1: (a) Sketch of the working principle of the Fock state filter, |𝛼𝛼 > represents the input laser coherent 
state with average photons per pulse  < 𝑛𝑛𝑖𝑖𝑖𝑖 >  (see red arrow), the QD-cavity system scatters back mostly 
|1>  Fock states (blue arrow), filtering out other multi-photon states (white arrows). (b) g(2)(0) (green circles, 
left axis) and nonlinear reflectivity curve (orange squares, right axis) as function of  < 𝑛𝑛𝑖𝑖𝑖𝑖 >, which represents 
the average photon number per pulse of the poissonian input. (c) Fraction from the total output intensity of 
single-photons (blue circles) and poissonian output (red squares) as function of  < 𝑛𝑛𝑖𝑖𝑖𝑖 >. 

[1]  D. Valente, et al, PRA 86, 022333 (2012). 
[2]  D. Englund, et al., PRL 108, 093604 (2012); R. Bose, et al., PRL 108, 227402 (2012). 
[3]  V. Giesz, et al., Nat.Comm. doi:10.1038/ncomms11986 
[4]  L. de Santis, et al., arXiv:1607.05977 [quant-ph]. 
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P:06 CsPbBr3@Br perovskite quantum dots for visible light communications 

M Leitao1, M S Islim2, L Yin2, B Guilhabert1, X Li3, D Yu3, H Zeng3, S Videv2, H Haas2, N Laurand1, E Gu1 and M D 
Dawson1   
1University of Strathclyde, UK, 2University of Edinburgh, UK, 3Nanjing University of Science and Technology, P.R. 
China 

In this work, all-inorganic perovskite quantum dots synthesised in solution at room temperature are used as 
nanophosphors for visible light communications. Using a micro-size (LED) as the pump, data communication 
up to 1.14 Gb/s below FEC threshold of 3.8E-3 is attained. 

GaN-based visible LEDs are impacting many applications, including solid-state- lighting (SSL) and displays 
where they are replacing legacy technologies [1]. A more recent application is Visible Light Communications 
(VLC), where SSL LEDs doubles as wireless data transmitters. However, SSL LEDs consist of a blue GaN LED 
chip combined with extremely slow responding rare-earth phosphors in order to generate light across the visible 
spectrum. In turn, LEDs have limited modulation bandwidth, hindering their data transmission capability. 
Alternative to phosphors are thereby required. Colloidal quantum dots (CQDs) are such an alternative. They 
offer superior colour purity because of narrower linewidth (~30 nm) and are now used in commercial displays. 
They are also faster, e.g. as in Cd-based CQD composites [2]. Recently, Inorganic Perovskite Quantum Dots 
(IPQDs) were reported as a solution for VLC [3]. These results, however, involved High Temperature (HT) and Hot 
Injection (HI) processes for the synthesis. Here, CsPbBr3 IPQDs emitting at 520 nm fabricated with a simpler 
process [4], at room temperature (RT), are demonstrated in VLC. 

After synthesis, IPQDs are incorporated in a PMMA matrix at different weight ratios (5, 10 and 20%) to form 
350 𝜇𝜇m squared slab colour converters that are characterised under 450nm 𝜇𝜇LED excitation. Sharp emissions 
(fwhm ~ 20 nm) were obtained, with the highest blue-to-green colour conversion efficiency (3%) and output 
power (0.17 mW) corresponding to the most concentrated sample (20%). Photoluminescence lifetimes were 
measured to be 12, 11 and 14 ns for the 5, 10 and 20% samples, respectively (bandwidth-3dB = 24, 24 and 
20 MHz). Direct Current Optical Orthogonal Frequency Division Multiplexing (DCO-OFDM) was used for colour-
converted 𝜇𝜇LED data transmission error-free at data rates of 381 Mb/s (perovskite emission only) and 1.14 
Gb/s (perovskite +𝜇𝜇LED), all obtained for the 20% sample. 

This work demonstrates for the first time the use of IPQDs, synthesised at RT, for VLC. Using a blue µLED as 
pump data rates up to 1.14 Gb/s) are shown. 

 

Figure 1 – LEFT: Colour converted vs pump (LED) optical power; CENTRE: spectral emission; RIGHT: BER vs Data 
Rate. 

[1] C. W. Chow et al, IEEE Photonics Soc. Newsletter, Res. Highlights, pp. 9–13, 2012.  
[2]   N. Laurand, et al, Opt. Mater. Express, vol. 2, no. 3, pp. 250–260, 2012. 
[3]   I. Dursun et al, ACS Photonics, vol. 3, no. 7, pp. 1150–1156, Jul. 2016. 
[4]   X. Li et al, Adv. Funct. Mater., pp. 2435–2445, 2016. 
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P:07 Uncovering the structure of InP/ZnS quantum dots 

M Burkitt-Gray1, S Fairclough1, J C-R Ke2, W Wichiansee1, P Clark2, E Lewis2, W Flavell2, S Haigh3 and M Green1 

1King’s College London, UK, 2University of Manchester, UK 

InP-based quantum dots (QDs) are an attractive alternative to II-VI materials, particularly for applications where 
toxicity or waste disposal is of concern [1, 2]. 

InP/ZnS is one of the most commonly researched III-V QDs, due to its low toxicity [3] and colour-tuneable 
properties [4]. With a suitable shell (such as ZnS), zinc doping, and the right capping agents, quantum yield 
values of up to 70% have been reported [4], making it promising for fluorescence applications. 

Despite it being well reported that InP-based particles are difficult to synthesis due to their covalent and poorly 
crystalline nature [4, 5], the structure of these QDs is typically assumed to be a true core/shell system based 
on a cubic zinc blende lattice [6]. Only a few previous reports have discussed the possibility of alloying, or the 
effects on the core InP when a ZnS shell is introduced [4, 7]. 

In this work, we have performed a typical “core/shell” InZnP/ZnS synthesis using a single- source ZnS precursor 
[8]. The structure and optical properties of the resultant nanoparticles were analysed to uncover the bonding 
and elemental composition. Techniques such as XPS, HR-TEM, and XRD revealed an unusual alloyed structure, 
in contradiction to previous literature that typically assumed that core/shell nanoparticles were formed. 

In addition, the CdS analogue of the procedure [8] was performed to identify the mobility of ions within the 
nanoparticles, and formed the first reported homogenously alloyed InZnPCdS nanoparticle, with bright 
fluorescent properties.  

 
Left to right: The fluorescence of In1Zn2P, In1Zn2PZnS and In1Zn2PCdS QDs; HAADF-STEM of In1Zn2PCdS; 
elemental mapping of Zn and S in In1Zn2PCdS, and Cd and S in In1Zn2PCdS. 

[1]  Anc, M. J.; Pickett, N. L.; Gresty, N. C.; Harris, J. A. and Mishra, K. C.; "Progress in Non-Cd Quantum 
 Dot Development for Lighting Applications", ECS Journal of Solid State Science and Technology 2, 2 
 (2013), pp. R3071-R3082. 
[2]  Yong, Ken-Tye; Ding, Hong; Roy, Indrajit; Law, Wing-Cheung; Bergey, Earl J.; Maitra, Anirban and 
 Prasad, Paras N.; "Imaging Pancreatic Cancer Using Bioconjugated InP Quantum Dots", ACS Nano 3, 
 3 (2009), pp. 502--510. 
[3]  Brunetti, Virgilio; Chibli, Hicham; Fiammengo, Roberto; Galeone, Antonio; Malvindi, Maria Ada; 
 Vecchio, Giuseppe; Cingolani, Roberto; Nadeau, Jay L. and Pompa, Pier Paolo; "InP/ZnS as a safer 
 alternative to CdSe/ZnS core/shell quantum dots: in vitro and in vivo toxicity assessment", Nanoscale 
 5 (2013), pp. 307-317. 
[4]  Thuy, Ung Thi Dieu; Reiss, Peter and Liem, Nguyen Quang, "Luminescence properties of In(Zn)P alloy 
 core/ZnS shell quantum dots", Applied Physics Letters 97, 19 (2010). 
[5]  Allen, Peter M.; Walker, Brian J.; Bawendi, Moungi G.; "Mechanistic Insights into the Formation of InP 
 Quantum Dots", Angewandte Chemie International Edition 49, 4 (2010), pp. 760--762. 
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[6] Byun , Ho-June; Song, Woo-Seuk and Yang, Heesun; "Facile consecutive solvothermal growth of highly 
 fluorescent InP/ZnS core/shell quantum dots using a safer phosphorus source", Nanotechnology 22, 
 23 (2011), pp. 235605. 
[7]  Huang, Kai; Demadrille, Renaud; Silly, Mathieu G.; Sirotti, Fausto; Reiss, Peter and Renault, Olivier, 
 "Internal Structure of InP/ZnS Nanocrystals Unraveled by High- Resolution Soft X-ray Photoelectron 
 Spectroscopy", ACS Nano 4, 8 (2010), pp. 4799--4805. 
[8]  Chen, G.; Zhang, W.; and Zhong, X; Single-source precursor route for overcoating CdS and ZnS shells 
 around CdSe core nanocrystals. Frontiers of Chemistry in China, 5(2):214–220, 2010. 

 

P:08 Structure of the Harmonic Oscillator Hilbert Space 

E Zubizarreta Casalengua1, J C López Carreño1, E del Valle1 and F P Laussy2,3 
1Universidad Autónoma de Madrid, Spain, 2University of Wolverhampton, UK, 3Russian Quantum Center, Russia 

We provide a bijective mapping in the Hilbert space of the harmonic oscillator between states as described in 
the basis of Fock states |𝑛𝑛 > and as characterized by Glauber’s nth order correlators g(n) [1]. That is to say, we 
provide a new charting of the Hilbert space that describes photons and other bosonic particles in a way that i) 
is useful to quantum opticians and ii) that allows to capture some of the important properties of photonic 
quantum states which could otherwise elude one’s intuition. For instance, this discards a common and popular 
criterion according to which g(2) < 1/2 proves the single-excitation character of a source[2–6]. We show on the 
contrary that there is much room in the Hilbert space for states with population exceeding unity and which g(2) is 
less than one half. Other questions that such a representation tackles are: can one get a state of arbitrary small 
g(2) (suppressing two-photons) but arbitrarily large g(3) (bunching at the three-photon levels)? If not all states 
are allowed that combine nth order statistical properties in any way we want, what is the boundary? What are 
the ways to dynamically access various areas of the accessible regions [7, 8]? The figure below answers some 
of these questions (see Fig. 1). 

 
Figure. 1. Charting of the Hilbert space with 𝑛𝑛𝑎𝑎 (mean population) and g(2) (second order correlation function) 
rulers. There are physical states that populate the blue shaded area but it is impossible to find a state with the 
two-particle fluctuations and total population for the combinations in the white area. The boundary is given by: 
g(2) = L𝑛𝑛𝑎𝑎˩ (2𝑛𝑛𝑎𝑎− L𝑛𝑛𝑎𝑎˩ − 1)/𝑛𝑛𝑎𝑎2. The expression when 𝑛𝑛𝑎𝑎 is integer becomes a familiar one. 

[1]  Zubizarreta Casalengua, E., López Carreño, J. C., del Valle, E. & Laussy, F. P.  Structure of the harmonic 
 oscillator Hilbert space. arXiv:1607.03976 (2016). 
[2]  Michler, P. et al. A quantum dot single-photon turnstile device. Science 290, 2282 (2000). 
[3]  Verma, V. B. et al. Photon antibunching from a single lithographically defined InGaAs/GaAs quantum 
 dot. Opt. Express 19, 4182 (2011). 
[4]  Martino, G. D. et al. Quantum statistics of surface plasmon polaritons in metallic stripe waveguides. 
 Nano Lett. 12, 2504 (2012). 
[5]  Lukishova, S. G., Bissell, L. J., Winkler, J. & Stroud, C. R. Resonance in quantum dot fluorescence in a 
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[6]  Palacios-Berraquero, C. et al. Atomically thin quantum light-emitting diodes. Nat. Comm. 7, 12978  
 (2016). 
[7]  López Carreño, J. C. & Laussy, F. P. Exciting with quantum light. i. exciting an harmonic oscillator. In 
 press in Phys. Rev. A, arXiv:1601.06187 (2016). 
[8]  López Carreño, J. C., Sánchez Muñoz, C., del Valle, E. & Laussy, F. P. Exciting with quantum light. ii. 
 exciting a two-level system. In press in Phys. Rev. A, arXiv:1609.00857 (2016). 

 

P:09 Structural analysis of InGaAs/GaAs quantum dots using inverse NMR spectra 

G Ragunathan1, A M Waeber1, M Hopkinson1, I Farrer2, D A Ritchie2, J Nilsson3, R M Stevenson3, A J Bennett3, A 
J Shields3, M S Skolnick1 and E A Chekhovich1  
1University of Sheffield, UK, 2University of Cambridge, UK, 3Toshiba Research Europe Limited, UK 

Nuclear magnetic resonance (NMR) is a very powerful technique in the study of materials at an atomic level. 
NMR spectra can be measured optically from single self-assembled InGaAs/GaAs quantum dots (QDs) from 
which important structural information can be determined [1]. Here we present a direct  comparison  of  the  
structure of 2 different samples – a Schottky charge tuneable diode sample with a 30nm tunnelling barrier 
(TeCS2) and an ungated, undoped structure grown with In-flush (VN979). Also a novel 3 band inverse NMR 
method was developed to measure the side transitions of the NMR spectra.  

 

The NMR spectrum of a QD can be divided into distinct peaks formed from the central transition (CT, 11                                                                         
313𝐼𝐼𝑧𝑧= − 2 ↔ 2) and the side transitions (ST, 𝐼𝐼𝑧𝑧= ± 2 ↔ ± 2 for spin 𝐼𝐼=   ). The CT spectra of the 4 most 
abundant nuclear isotopes in the samples (75As, 115 In, 69Ga, 71Ga) were measured (see Fig. 1) using the inverse 
NMR technique [2, 3]. A broad band RF waveform containing a gap is applied that is resonant with each of the 
isotopes. By comparing the amplitudes of the CT peaks, the relative concentrations of the gallium and indium 
nuclei within the dot region could be estimated - for the ungated sample 𝜌𝜌𝐼𝐼𝑖𝑖~29% and 𝜌𝜌𝐺𝐺𝑎𝑎~71%, and for 
the diode sample 𝜌𝜌𝐼𝐼𝑖𝑖~13% and 𝜌𝜌𝐺𝐺𝑎𝑎~87%,, despite the fact that QDs in both structures emit at about the 
same wavelength. 

The ST spectra are much broader than the CTs due to strong quadrupolar shifts induced by strain in self-
assembled dots. To resolve a reasonable ST signal above the background noise, a large gap is required in the 
inverse NMR RF waveform. Near the central peak however, the CT signal dominates the spectrum and it’s not 
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possible to pick out the ST signal. A novel 3 band inverse NMR method was developed and this time an 
additional 3rd band was applied that saturates the CT. A non-zero ST signal was observed close to the central 
frequency. This corresponds to nuclei being in a low strain region of the dot and has thus far not been 
experimentally observed inself-assembled dots. 

 
Figure 1: NMR ST spectra for the diode sample measured using the novel 3 band technique with 600kHz Gap. 
a) The ST signal from the isotopes of 75As, 115In and 69Ga plotted together and b) the signal from 71Ga. Though 
the CT has been saturated with a 3rd RF band, a non-zero signal persists near the CT frequency corresponding 
to STs from nuclei in a low strain region. 

[1]  C. Bulutay, Physical Review B 85, 205425 (2012). 
[2]  E. A. Chekhovich et al., Nature Nanotechnology 7, 646-650 (2012). 
[3]  C. Bulutay, Physical Review B 90, 115313 (2014). 

 

 

P:10 GaSb/GaAs quantum-ring light emitting devices 

P D Hodgson1, A J Robson,1 Q D Zhuang,1 L Danos,1 S McDougall,2 T Slight2 and M Hayne1 

1Lancaster University, UK, 2CST Global Ltd, UK 

Hole-confining type-II GaAs/GaSb self-assembled quantum rings (QRs) have potential for applications 
including solar cells [1] and memory devices [2]. Comparatively less attention has been given regarding their 
use in light emitting diodes (LEDs) and lasers [3], mainly due to their type-II nature and the consequent 
reduction in carrier recombination rates. However, this is mitigated by strong Coulomb binding of electrons 
arising from multiple charging of the rings with holes [4] and the QR geometry [5], allowing photoluminescence 
(PL) to be seen at temperatures up to 400 K. This presents the possibility for their use in the commercially 
important 1260-1675 nm telecommunications band. 

We describe an investigation into molecular-beam-epitaxy-grown GaSb/GaAs QR LEDs and vertical-cavity 
surface-emitting lasers (VCSELs). Prior to device production, the effects of embedding the QRs into a 
GaAs/AlxGa1-xAs quantum well (QW) were investigated by PL at temperatures ranging from 2-380 K. It was 
found that only the narrowest (5nm) QW had a measurable effect on the QR emission, blueshifting it by ~25 
meV (Fig. 1). This result, along with modelling performed using nextnano software, demonstrates the strength of 
the Coulomb binding of electrons to the positively charged QRs. Unexpectedly, n-type doping the well region 
had no effect on the QR emission intensity or energy (Fig.1 inset); suggesting that the charging of QRs with 
holes is a dynamic self-limiting process. 
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LED structures and a novel VCSEL structure containing GaSb/GaAs QRs in the active region were grown and 
processed. Electroluminescence measurements were made at temperatures of 2-380 K and various current 
densities with a duty cycle of 10%. Strong emission was seen from all devices (Fig. 2), even at the 380 K limit 
of our equipment. This remarkable observation clearly demonstrates the potential of these QRs for use in 
optical devices. Work is currently ongoing on a second iteration of QR VCSELs to optimise their emission 
wavelength and performance. 
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Figure 1. PL energy vs temperature for QRs in QWs of 
varying widths. Inset shows the negligible effect of 
doping on QR emission energy. 

Figure 2. LED and VCSEL emission at 300 K. Inset 
shows optical microscope image of an LED. 

[1]  R. B. Laghumavarapu et al, Appl. Phys. Lett. 90, 173125 (2007). 
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[3]  J. Tatebayashi et al., Appl. Phys. Lett. 90, 261115 (2007). 
[4]  P. D. Hodgson et. al., Appl, Phys. Lett. 105, 081907 (2014). 
[5]  R. J. Young et al., Appl. Phys. Lett. 100, 082104 (2012). 

 

 

P:11 A strange range of quantum dot dipoles in unusual polarisation fields 

B Lang, D McCutcheon, A Young and R Oulton 

University of Bristol, UK 

There has recently been great interest in chiral waveguides, where the polarisation of the forwards and 
backwards propagating light fields are oppositely circular at certain positions in space (C-points) [1]. This 
results in new phenomena, such as the one way emission of light from spin-transitions in quantum dots or 
atoms. The emitted photon’s direction is determined by the spin state of the emitter. 

To date calculations on this topic have either been restricted to certain special cases, or have relied on 
simplifying “rate forwards/backwards” models [2]. Using a Green’s function method we have generalised to the 
case of any polarisable dipole at a point supporting any polarisation. 

Several interesting physical effects arise here that could not have been predicted using the previous models. In 
the figure we show how perfect chiral behaviour can be recovered at points of elliptical polarisation by using 
elliptical dipoles stretched along the orthogonal axis. We predict that a linear polarisable dipole at a C-point 
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causes a phase shift in reflection, which changes by 2ϴ if the dipole axis is rotated by a real space angle ϴ.

 
(a) Polarisation map of a W1 photonic crystal waveguide. (b) The transitions of an idealised QD in a magnetic 
field are circular in the plane orthogonal to the field, so may be chosen elliptical in the plane of the waveguide. 
(c) Reflected and transmitted E-field after scattering as a function of dipole and polarisation. 

We further generalise our approach to include the population state of a multi-level system. This allows us to 
calculate the dynamics of complicated multi-transition “quantum dipoles”, such as a Λ–system, recovering 
results consistent with experiment [3]. 

[1]  Phys. Rev. Lett. 115, 153901 (2015); doi:10.1103/PhysRevLett.115.153901 
[2]  arXiv:1608.00446 [quant-ph] (2016) 
[3]  Science 345, 6199, 903 (2014); doi:10.1126/science.1254699 
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P:12 Nanostructuring of 4H-SiC by electrochemical etching and oxidation 

M Rashid1,2, B R Horrocks1, N Healy1, J P Goss1 and A B Horsfall1 
1Newcastle University, UK, 2Universiti Sains Malaysia, Malaysia 

Silicon carbide (SiC) is a technologically important wide bandgap semiconductor with unique properties 
suitable for applications in harsh environments. The low intrinsic carrier concentration, high mechanical  
strength and high critical field identifies SiC as the leading material for the development of high power 
electronic devices and sensors operating at extreme temperatures[1]. 4H- SiC has a bandgap of 3.23 eV, 
suitable for absorption and emission in the ultraviolet range of the optical spectrum. Since the discovery of 
quantum confinement and  tunable  optical  properties  in porous  and  nanostructured  silicon[2],  efforts  have  
been  made  to  achieve  similar  effects  in  SiC3. 

However, the properties that make SiC capable of operating in extreme conditions place significant restrictions 
on the processing and nanostructuring. In this work, the nanostructuring of 4H-SiC was performed by means of 
a top down approach, using anodic electrochemical etching in ethanoic hydrofluoric acid (HF). The resulting 
mesoporous structures were subsequently released using an ultrasonication process.  Average mesopores  of  
30 nm lateral  dimension and  with  pore  wall thicknesses ranging from 17 nm to 2 nm were obtained (Fig. 1). 
In order to achieve greater levels of confinement, the thickness of the pore walls was reduced by means of an 
oxidation step, prior to ultrasonication was explored. 9 hours of oxidation in dry O2 at 1100˚C, followed by an 
HF etch to remove the oxide resulted in a reduction in wall thickness of approximately 10 nm (Fig. 2). This 
combined method of anodic electrochemical etching, thermal oxidation and ultrasonication is a highly 
promising  process  for  the  realisation  of  4H-SiC  nanostructures  for  biomedical  and  optoelectronic 
applications. 

 

 

Figure 1. A free-standing mesoporous 4H-SiC prepared by electrochemical etching and ultrasonication.  
Figure 2. Pore wall thickness after oxide removal as a function of oxidation time. 

[1] N. G. Wright and A. B. Horsfall, J. Phys. D: Appl. Phys. 40, 6345 (2007). 
[2] L. T. Canham, Appl. Phys. Lett. 57, 1046 (1990). 
[3] J. Fan, H. Li, J. Wang, and M. Xiao, Appl. Phys. Lett. 101, 131906 (2012). 
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P:13 Metallic micro-rings as scalable funnels for improved single-photon extraction 

O J Trojak1, J D Song2 and L Sapienza1 

1University of Southampton, UK, 2Korea Institute of Science and Technology, South Korea   

Single photon emitters are a key resource for a number of technologies [1] and InAs/GaAs quantum dots, in 
particular, are promising candidates for quantum information technology applications, thanks to their stability 
and coherence of the emission. However, solid-state sources can suffer from low brightness due to poor 
extraction efficiency of the emitted light. Several photonic devices have been developed to increase single-
photon extraction via highly engineered cavities, often presenting low bandwidth and limited scalability [2]. 

Here, we present a scalable, potentially low-cost ring geometry that allows modest increases in the light 
extraction via a lensing effect on the light emitted by single InAs quantum dots.  We use a photoluminescence 
positioning technique [3] to measure the distance of single quantum dots from alignment marks deposited on 
the surface of the sample (Fig. 1a), with uncertainties below 35 nm. Ring devices, with dimensions of 220 nm 
inner and 540 nm outer radius (see inset of Fig.1a), are then fabricated around specific emitters, via aligned 
electron-beam lithography and gold deposition with lift-off techniques. 

The emission properties of single quantum dots are measured by means of micro-photoluminescence 
spectroscopy (see Figure1a and 1b) before and after the rings are deposited: we measure enhancements of 
about 3.5 times in the light intensity from single emission lines (Figure 1c) when metallic rings surround single 
emitters. 

Such ring geometry can be used for any kind of solid-state emitters (including room temperature colloidal 
quantum dots, defect centres in diamond, molecules, etc.) and provide wavelength-insensitive enhancement in 
the extraction efficiency of the emitted light. 

Given the micron-scale dimensions, the rings can be produced by in-print or photolithography techniques, 
allowing the fabrication of low-cost and scalable devices. 

 
Figure 1:  (a) Schematic of the micro-photoluminescence (µ-PL) setup.  A 940nm-Light 

Emitting Diode (LED) is used to illuminate the alignment marks and a 455nm-LED to excite the quantum dots; 
the PL is then imaged using an Electron-Multiplying Charge Coupled Device (EMCCD) after a low-pass filter 
(LPF) removes the wetting layer emission. A 785nm- continuous wave (CW) laser is used to excite individual 
quantum dots. Left inset: scanning electron micrograph of a fabricated device. Central inset: example image of 
the quantum dot PL and of the metallic marks. (b) Left: Photoluminescence spectra collected at saturation for 
the emitter in bulk (red) and with the ring device (blue). Right: Intensity of selected emission lines as a function 
of the excitation power. Lighter dots correspond to the spectra in panel b. 

[1]  I. Aharonovich et al., Nature Photonics 10, 631 (2016). 
[2]  O. Gozzano, G.S. Solomon, Journal of the Optical Society of America B 33, C160 (2016). 
[3]  L. Sapienza et al., Nature Communications 6, 7833 (2015). 
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P:14 Limits to coherent scattering and photon coalescence from solid-state quantum emitters 

J Iles-Smith1, D P S McCutcheon2, A Nazir3, and J Mørk1  
1 Technical University of Denmark, Denmark, 2University of Bristol, UK, 3University of Manchester, UK 

Recent efforts to suppress the detrimental effects of environmental interactions in solid-state sources have 
renewed interest in studying the weak (Heitler) excitation limit [1-5]. In atomic systems, this regime is 
dominated by elastic (coherent) scattering of photons, with the proportion of coherent emission approaching 
unity as the driving strength is reduced [6]. As the population excited within the emitter then becomes very 
small, it is expected that in solid-state systems the effects of coupling to phonons will be correspondingly 
suppressed, such that the emitted photon coherence times may become extremely long. 

Here, we demonstrate that this intuition is incomplete. Phonon interactions remain a vital consideration for QDs 
in the weak excitation regime, despite the vanishing dot population. In fact, we show that non-Markovian 
relaxation of the phonon environment leads to a fundamental limit (below unity) to the fraction of coherently 
scattered light from a solid-state emitter at weak driving [7] (see Figure 1, left). This is in clear contrast to the 
atomic case, and thus constitutes a novel regime of semiconductor quantum optics. Furthermore, we show that 
signatures of the phonon relaxation process can be even more pronounced in two-photon interference 
experiments, resulting in a substantial suppression of the visibility of photon coalescence on picosecond 
timescales, which is further exacerbated when accounting for the inevitable detector temporal response. This 
leads to a non-monotonic dependence of the visibility on driving strength that is unexpectedly optimised at 
intermediate rather than very weak excitation (solid-curve in Figure 1, right). 

 

Figure 1:  (Left) Fraction of coherently scattered light as a function of driving strength.  The dashed green curve 
includes only Markovian phonon dephasing terms, while the solid blue and red curves include non-Markovian 
phonon relaxation terms, demonstrating a limit to the fraction of coherently scattered light. (Right) The visibility 
of the two photon interference as a function of driving strength for a realistic finite response time photon 
detector, including (solid) and without (dashed) non-Markovian relaxation. 

[1]  K. Konthasinghe et al., Phys. Rev. B 85, 235315 (2012). 
[2]  C. Matthiesen et al., Nat Commun 4, 1600 (2013). 
[3]  C. Matthiesen, A. N. Vamivakas, and M. Atatuu¨re, Phys. Rev. Lett. 108, 093602 (2012).  
[4]  C. H. H. Schulte et al., Nature 525, 222 (2015). 
[5]  R. Proux et al., Phys. Rev. Lett. 114, 067401 (2015). 
[6]  H. Carmichael, Statistical Methods in Quantum Optics 1 (Springer, 1998). 
[7]  J. Iles-Smith et al., arXiv:1606.06305 (2016). 
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P:15 Nano Cathodo-luminescence imaging and spectroscopy of quantum dot and dot-in-rods 

G R Fern and J Silver 

Brunel University London, UK 

QDs were first analysed using a home-made cathodo-luminescence (CL) imaging setup in a scanning 
transmission electron microscope (STEM),[1] and recently InGaN quantum wells have been studied using our 
system.[2]  Here we demonstrate the capability to study quantum dot (QD) materials for display applications 
using a commercial system readily fitted to our JEOL 2100F TEM.  We show our results studying the CL of 
commercial QDs and QD-in-rods using a simultaneous High Angle Annular Dark Field, CL and electron energy 
loss spectroscopy.  Whilst we have been able to study the CL emission spectrum of many stable luminescent 
materials with 0.25nm spectral resolution it has only been possible to study the ensemble emission spectrum 
of about 50 QDs due to excessive beam damage at 80kV and 100kV, at 200kV no CL is observed.  The ease 
afforded by this CL setup allows routine measurement of many luminescent materials including quantum dot 
and quantum well structures. 

 

 

(a, c) HAADF, (b, d) CL and (e, f) Overlay of CdSe/ZnCdS (left) QDs and CdSe/CdS dot-in-rods (right). 

[1] Cathodoluminescence in a Scanning Transmission Electron Microscope: A Nanometer-Scale 
 Counterpart of Photoluminescence for the Study of II−VI Quantum Dots, Zackaria Mahfoud, et.al., J. 
 Phys. Chem. Lett. 2013, 4, 4090−4094. 
[2] Nanocathodoluminescence Reveals Mitigation of the Stark Shift in InGaN Quantum Wells by Si Doping, 
 Griffiths, JT, et. al., Nano Letters, 2015, 15(11), 7639. 
[3] Cathodoluminescence and electron microscopy of red quantum dots used for display applications, 
 Fern G, Silver J, Coe-Sullivan S, JSID, 2015, 23(2), 50-55. 
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P:16 Coherence protection of coupled quantum systems 

H M Cammack1, P Kirton1, P R Eastham2, J Keeling1, and B W Lovett1  
1University of St Andrews, UK, 2Trinity College, Ireland 

Quantum dots (QDs) can embody several different kinds of qubit - electron, hole and nu- clear spins, or exciton 
states - each of which might have a different functional role in a future device. The interaction of a quantum 
system with its environment causes decoherence, setting a fundamental limit on the suitability of a system for 
quantum information processing. However, we show that if the quantum system consists of coupled parts with 
different internal energy scales, as is indeed the case in QDs, then the interaction of one part with a thermal 
bath need not lead to loss of coherence from the other. [1] Remarkably, we find that the protected part can 
become more coherent when the coupling to the bath becomes stronger or the temperature is raised. Our 
theory will enable the design of decoherence-resistant hybrid quantum computers. 

At finite temperature, there are two decay timescales which can be significantly different — there exists a quasi-
steady state (QSS) once the faster decay process has occurred. The magnitude of the QSS coherences are 
plotted in Figure 1 as a function of temperature. At very low temperatures a QSS exists, though it has very small 
coherence. As the temperature begins to rise, the ratio of fast and slow timescales approaches unity, leading to 
a regime where a QSS no longer really exists. 

 
Figure 1: The quasi steady state coherences for the upper (orange) and lower (red) state, plotted as a function 
of temperature for. Also plot- ted are the two characteristic decay rates, Re{𝜅𝜅±}. A quasi steady state is only 
observed when |Re{κ−}| is sufficiently small. 

As the temperature is raised still higher, the QSS returns and the coherence of the protected part periodically 
reaches its maximum value of 1/2, which is several times larger than its value at zero temperature. Thus, we 
must conclude that heating a hybrid system can stop decoherence. At high temperature, the thermally 
activated transitions of the unprotected part are fast enough that no information of the protected part is 
revealed. 

In order to observe these protected coherences, it is necessary to engineer a system whereby the transition 
spacing’s are comparable to their linewidths, and which can be tuned. QDs doped with a single electron have 
spin selective optical transitions to trion states, so forming a hybrid spin- photon system. Sweeney et al. [2] 
found that the optical transition spacing’s in a cavity-QD system were 2.8 times greater than the linewidths. 
Purcell enhancement in QD systems can broaden linewidths by a factor of 6.7 [3] to produce highly 
indistinguishable photons, which would allow coherences to survive even at zero temperature. 

[1]  H. M. Cammack, P. G. Kirton, P. R. Eastham, J. Keeling, and B. W. Lovett, arXiv:1609.04965 (2016). 
[2]  T. M. Sweeney et al., Nat. Photon. 8, 442 (2014), arXiv:1402.4494 . 
[3]  S. Weiler et al., Phys. Stat. Solidi B 248, 867 (2011). 
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P:17 Ancilla-driven universal quantum computation in quantum dots  

J Hinchliff1, P Androvitsaneas1, J Anders2, D McCutcheon1, and R Oulton1 
1University of Bristol, UK, 2University of Exeter, UK  

Currently, the quantum world is focused on two main models for quantum computation - gatebased and 
measurement-based - and their application over a variety of platforms, both atomic and photonic. In this 
project, we instead consider a potential application of the ancilla-driven quantum computation (ADQC) model 
developed by Janet Anders et al. in 2010 [1]. This is a hybrid model, incorporating ideas from both 
measurement-based and gate-based quantum computation and shows that remote manipulation of a quantum 
register is possible via an ancilla that is entangled to single qubits in this register through use of a fixed unitary 
interaction. Such a model removes the need to perform any operations directly onto register qubits, as the 
action of performing a measurement on the ancilla will change the state of these qubits as a result of the 
entanglement between the two. We claim that it is possible to map this model onto a negatively-charged 
quantum dot (QD) system [2]. We consider the excess electron and the nuclear spins to be the ancilla and 
register qubits respectively. Such a system will be subject to the hyperfine interaction, a decoherence effect 
caused by the effective magnetic field induced on the electron spin by the nuclear spins. We show that through 
use of an external magnetic field, we are able to manipulate the hyperfine interaction such that it can instead 
be used as an entangling operation between the electron and a single nuclear spin.  

We present a theoretical model of the dynamics of a QD system in the presence of an external magnetic field. 
We assume that the system is prepared via a technique called nuclear frequency focusing, which aligns the 
nuclear spins along the axis of an external magnetic field, and that we can apply a radiofrequency pulse to one 
(or a small subset) of these spins to cause it to precess and induce a hyperfine interaction component into the 
system dynamics. We show that modifying the external field and the strength of the effective field induced by 
the nuclear spins in accordance with the hyperfine interaction allows us to find specific points in time at which 
our system will correspond to different quantum gates. Initial calculations also suggest the possibility of a 
quantum memory, as the system takes the form of a SWAP gate periodically on a nanosecond time scale.  

[1]  J. Anders et al., Ancilla-driven universal quantum computation, Phys. Rev. A, 82 :020301, 2010.  
[2]  C. Kloeffel and D. Loss, Prospects for spin-based quantum computing in quantum dots, Annu. Rev. 
 Condens. Matter Phys., 4 :51-81, 2013. 
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P:18 Electrically driven nanophotonic circuits: Single photon electroluminescence from waveguide-coupled 
quantum dots 

D Hallett, C Bentham, N Prtljaga, B Royall, R J Coles, D Vaitiekus, E Clarke, A M Fox, M S Skolnick, I E Itskevich, 
and L R Wilson  

University of Sheffield, UK 

Integrated electrically driven single-photon sources are highly desirable for practical nanophotonic applications. 
Self-assembled InAs/GaAs quantum dots (QDs) provide efficient on-chip single-photon sources. However, 
coupling of electroluminescence (EL) from single QDs to photonic circuitry is challenging. Here, we report the 
coupling of single-photon EL from a single QD to a suspended nanobeam waveguide. 

The device with single-mode suspended nanobeam waveguides, schematically shown in Figure 1(a), is 
fabricated from a p-i-n diode containing a layer of self-assembled InAs/GaAs QDs. The area at the right hand 
side of the waveguide is under bias and acts as the EL emission source. A small notch is etched across the 
waveguides, breaking the electrical contact through the top p-layer. As a result, EL emission is not produced 
along most of the waveguide, or from the outcoupler. Single photon EL from single QDs, located in the source 
area of the device, is channelled into the waveguide and detected from an outcoupler at the opposite end. 

The performance of the devices was investigated using EL spectroscopy and time resolved HBT measurements. 
For EL emission from the outcoupler a g(2)(0) of 0.07±0.02 was determined after detector deconvolution. 
Emission from the outcoupler was also cross correlated with emission from above the dot, which gave a g(2)(0) 
of 0.10±0.015. In addition, emission from the outcoupler was found to have a coherence time of 220 ps, 
comparable to the highest values reported for electrically driven quantum dots. 

This experiment shows a highly coherent, low background, electrically driven single-photon source which can be 
coupled to photonic components such as directional couplers or waveguide filters. 

 
Figure 1. (a) Schematic indicating the biased and unbiased regions of the device (b) g(2) for cross correlation 
between EL emission collected from above the dot position and from the outcoupler.  
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P:19 Carbon nanotube quantum dots for quantum computation 

P Apostolidis, B Villis and M Buitelaar 

University College London, UK 

Presented research is focused on advances in quantum computational architectures using carbon nanotube-
based quantum dot spin qubits. Carbon nanotubes can be grown directly on a variety of substrates, using 
chemical vapor deposition, and the ratio between carbon isotopes can be controlled. Isotopically pure carbon-
12 nanotubes can serve as ideal hosts for electron spin qubits due to the absence of nuclear spin, providing a 
clean spin environment, and therefore exceptionally long coherence times are expected. On the other hand, 
nanotubes with a controlled percentage of carbon-13 atoms could be used as quantum memories, upon 
transferring information (encoded in the electron spin) to the nuclear spin for later retrieval. 

Carbon nanotube double quantum dot devices defined using electrostatic gating (Figure 1) are cooled to ultra-
low temperatures and radio-frequency (RF) reflectometry measurements are used to read out the charge state 
of the dots (Figure 2). This requires no separate charge detector [1] and relies on the fact that the resonant 
frequency of the RF signal is a function of the capacitance of the dots, which in turn depends on the electron 
occupation across them. Spin-to-charge conversion can be used to extract the spin state of each dot using 
singlet-triplet state selection rules [2]. Current research aims for measurements of charge and spin coherence 
times in carbon nanotube double quantum dot devices, and how they vary for devices on silicon and 
hexagonal-boron nitride. 

 
[1]  S. J. Chorley et al., PRL 108, 036802, 2012. 
[2]  S. J. Chorley et al., PRL 106, 206801, 2011. 
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P:20 Efficient simulation of exciton dynamics in non-markovian environments 

A Strathearn, B W Lovett and P Kirton 

University of St. Andrews, UK 

Understanding exciton-phonon interactions in quantum dots is vital in describing observed decoherence and 
dissipation phenomena [1]. The regime of weak exciton-phonon coupling can be fairly well understood 
employing the Markovian master equation approach [2]. Accurately capturing both strong coupling and non-
Markovian physics in these types of systems is extremely challenging and for consistently reliable results one 
must turn to numerical methods. Along these lines, a powerful method is the augmented density tensor scheme 
[3], based on Feynmans path integral representation. Key to this scheme is the finite memory approximation, 
where non-Markovian correlations in the system are given finite range by discarding long ranged bath 
correlations. This technique so far has not been widely used and has only had limited success, one drawback 
being that some bath spectral densities result in the evolution of the system becoming unphysical. Notably this 
is seen to occur for superohmic spectral densities which determine exciton-phonon interactions. 

We identify the source of this unphysical system evolution in a solvable pure dephasing model in which the 
memory cut-off is imposed on the solution.  For highly non-Markovian environments in which transient negative 
decay rates occur, such as superohmic environments, using the finite memory approximation can result in 
unphysical “negative decay” of coherences for all time making the state unphysical. Even when the evolution 
does remain physical we find that using the finite memory approximation forces all coherences to decay 
completely and cannot reproduce finite steady-states. We thus pro- pose an alternative way of making the finite 
memory approximation without discarding any bath correlations (but maintaining the restriction that non- 
Markovian effects are finite ranged) and in a way that guarantees that the augmented density tensor scheme 
always reproduces the exact solution identically. 

 

Figure 1: Exciton population dynamics with a superohmic bath ranging from weak (bottom) to strong (top) 
coupling. A clear feature is present in each case with a full revival of populations occuring at larger couplings. 

Using our new methodology we are able to investigate exciton dynamics in the presence of a non-Markovian 
phononic environment, modelled by the Spin-Boson Hamiltonian with a superohmic boson spectral density. 
Our improved finite memory approximation allows us to probe parameter regimes that were previously 
inaccessible and we find that as the strong coupling regime is approached a brief transient revival of the 
quantum dot populations emerges, in contrast to the simple overdamped oscillations predicted when a polaron 
master equation is used [2]. In Figure (1) we plot exciton population dynamics for increasing exciton-phonon 
coupling strength, for which a distinct revival can be seen to occur. We argue this to be an example of non-
Markovian backflow of information from the phonons to the exciton. 

[1]   A. J. Ramsay et. al, Phys. Rev. Lett. 104 1 017402 (2010) 
[2]   A. Nazir, D.P.S. McCutcheon, Journal of Physics: Condensed Matter 28 10 103002 (2016) 
[3]  N. Makri, D. Makarov J. Chem. Phys. 102, No. 11, (1995) 
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P:21 Bisphosphonate-coated, cu-based quantum dots for near infrared fluorescence imaging 

P Bergstrom Mann1, M Green1, M Thanou1 and N Long2 
1King’s College London, UK, 3Imperial College London, UK 

The development of Cu-based nanomaterials for diagnostic and therapeutic applications has garnered 
significant interest over recent years. In particular, Cu-based semiconductor nanocrystals, or quantum dots 
(QDs), with near-infrared (NIR) fluorescence have been developed as alternatives to the organic dyes used 
clinically. NIR fluorescence is a popular optical imaging modality that can overcome imaging depth limitations 
of optical imaging at other wavelengths. QDs have favourable optical properties, including broad absorption 
and large Stokes shifts that make them more suited to biological imaging. However, many well-characterised 
NIR-emitting QDs contain toxic heavy metals including Cd, Hg and Pb that limit their biological relevance. The 
use of biocompatible NIR-emitting QDs could allow for inexpensive, real-time imaging in vivo without the need 
for ionising radiation. 

In this work we have synthesised monodisperse Cu-In-S nanocrystals with an average size of 3.80(±0.30) nm, 
emission at 810 nm and a QY of 3%. Zinc present in the Zn diethyldithiocarbamate sulfur precursor was found 
to be incorporated into Cu-In-S nanocrystals up to ca. 10% the total cation concentration, via mass 
spectrometry (ICP-MS). This same complex was further used for the synthesis of a ZnS shell to give 
CuInZnS/ZnS core/shell nanocrystals with an average size of 4.14(±0.48) nm and emission at 750 nm. Their 
absolute quantum yield (QY) was measured as 29% and shown to be sufficiently bright for use with an in vivo 
NIR imaging system. Core/multishell CuInZnS/ZnSe/ZnS nanocrystals were also synthesised for the 
comparison of optical properties. Overall, these nanocrystals had an average size of 4.09(±0.50) nm, emission 
at 780 nm and a QY of 31%. The high QY value at a longer wavelength is promising for these multishell 
nanocrystals but more work is needed to ascertain whether similarly high QYs can be achieved for emission over 
800 nm. 

A significant challenge in the translation of QDs into biological systems is achieving the appropriate surface 
chemistry for biocompatibility and aqueous stability. In this work, the optimisation of a ligand exchange with a 
simple, biocompatible bisphosphonate (BP) molecule is described. The use of bisphosphonates is of interest as 
a number of these structures are already approved for clinical applications and could facilitate clinical 
translation of these imaging probes. A range of QD samples have been successfully suspended in water through 
ligand exchange with methylene diphosphonate (MDP) although currently exhibit low QY values. Current work is 
focusing on improving the ligand exchange procedure and extending the method to other bisphosphonate 
ligands. 
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P:22 All-electric tunable quantum dot light sources  

J P Lee1,2, E. Murray1,2, A J Bennett1, D J P Ellis1, C Dangel1,2,3, I Farrer2, P Spencer2, D A Ritchie2 and A J Shields1  
1Toshiba Research Europe Limited, UK, 2University of Cambridge, UK, 3Technische Universität München, 
Germany 

We use two quantum dot light emitting diodes (LEDs) in close proximity as an all-electric tunable quantum light 
source. One LED is driven in forward bias and the emitted light is incident on the neighbouring LED where it 
excites quantum dot transitions. The energy of these transitions can be electrically tuned via the quantum 
confined Stark effect. Many such devices can be produced on a single chip using simple photo-lithographic 
techniques. 

Self-assembled quantum dots (QDs) can be used as flexible solid state sources of single photons or entangled 
photon pairs. Several applications for single photon sources, such as linear optical quantum computing, require 
indistinguishable photons to be generated from different quantum dots. Consequently, several approaches to 
tuning the emission wavelength of quantum dots in- situ have been explored [1, 2]. 

For scalable quantum technologies it is desirable for both the emission and the tuning to be controlled 
electrically, as this enables many closely spaced and individually controllable sources suitable for integration 
with photonic circuits. Our scheme makes use of two neighbouring LEDs to achieve this. Wetting layer emission 
from an LED driven in forward bias excites quantum dots in a neighbouring LED (see figure 1). To extend the 
tuning range further, the quantum dots are embedded in a quantum well allowing tuning via the quantum 
confined Stark effect [3]. In our experiment, we observe tuning over 5 nm (figure 2). We also tune the fine 
structure splitting, investigate pulsed operation, and observe that the light emitted from the QDs is antibunched 
with g(2)(0) = 0.06. 

 

Figure 1. An illustration of the devices used. Each device has a p-doped region (red), an intrinsic region (clear) 
and an ndoped region (blue). An LED driven in forward bias (left) emits light (shown as a blue beam), excites 
quantum dots in a neighbouring device (right). 

 

Figure 2. The quantum dot light emission from the tuned diode as a function of electric field. 
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P:23 Dilute magnetic iII-nitride semiconductor quantum structures 

V Saravade, A Ghods, C Ferguson, C Zhou and I Ferguson 

Missouri University of Science and Technology, USA 

GaN and its alloys have drawn interest in recent years due to its numerous applications in opto-electronic 
devices. In addition, III-Nitrides have also drawn attention because of their potential for spintronic applications, 
since the incorporation of transition metals (TM) appears to result in room temperature ferromagnetism. 
Quantum dots are known to improve the efficiency and optical properties of opto-electronic devices compared 
to two dimensional quantum wells. This presentation reports the formation of self-assembled GaN 
nanostructures on aluminum nitride (AlN) on sapphire substrates by MOCVD. Stranski-Krastanow (SK)-like 
growth mode was successfully shown for these nanostructures. The effects of in-situ activation in N2 
atmosphere on MOCVD-grown GaN nanostructures are presented in this study leading to the successful 
incorporation of manganese and iron in these nanostructures. 

The formation of nanoscale GaN islands grown on AlN buffer layers deposited on sapphire substrates were 
studied as a function of growth temperature, growth rate, V/III ratio and the amount of material deposited. It 
was determined that the growth temperature of 810°C and extreme V/III ratio of less than 20 favor 
nanostructure growth. An ‘activation’ step in a N2 ambient was employed after GaN deposition in order to 
promote the formation of nanostructures as surface kinetics provides an avenue for controlling island growth. 
Nanostructures with lateral dimensions of 40nm and a height of 4nm were obtained with a typical V/III ratio of 
4.5 followed by an activation step. SK–like growth was observed as the AFM images of the nanostructures show 
a transition from 2D to 3D growth above an initial critical thickness of 2 monolayers (MLs). Optically active 
nanostructures were observed by photoluminescence measurements. It was observed that larger dots obtained 
at a higher V/III ratio resulted in a red shift. The shift to higher energies with a decrease in nanostructure size is 
attributed to the decrease in piezoelectric effect rather than quantum confinement. The intensity of the PL was 
related to the density of the nanostructures. 

 

Mn and Fe were independently introduced to these nanostructures to add the additional functionality of 
ferromagnetism. The effect of Mn was studied by varying the composition from~ 0-2% and it was found that 
Mn enhances nucleation. AFM measurements for GaN:Mn nanostructures revealed the lateral dimension 
decreased to 30 nm and a height of 2 nm compared to GaN nanostructures. Further, island density increased 
to 3.0x1010 cm-2. 
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Similarly, Fe was added to the nanostructures and its composition was varied from ~0-3 %. The AFM images 
depicted that the lateral dimension and the height of nanostructures decreased to 30 nm and 5 nm and island 
density increased to about 1x1010 cm-2 upon introducing Fe in the GaN nanostructures. 

Vibrating sample magnetometery measurements showed a hysteresis loop for the GaN:Fe nanostructures. The 
saturation magnetization increased from 5.3 µemu/cm3 to 146.2 µemu/cm3 and the coercivity increased from 
7.7 Oe to 146.21 Oe as the Fe percentage increased from 2 to 3 %. 

 

P:24 Low temperature transport measurements of 2D and 0D MoS2 devices 

A C Sackville Hamilton1, B J Villis1, A Iglesias del Dago2, R Garcia2 and M R Buitelaar1 
1University College London, UK, 2Instituto de Ciencia de Materiales de Madrid, Spain 

Room temperature and low temperature transport measurements were performed on MoS2 transistor devices. 
The fabrication of these devices was optimised to reduce the Schottky barrier and increase conductance. 
Conditioning at low pressure and high negative gate bias prior to cooling further improved device performance. 

Transport across the 2D devices was characterised as a function of temperature, and shows Coulomb blockade 
at millikelvin temperatures. 

Further lateral confinement to create a quantum dot can be achieved by defining MoO3 (insulating) regions on 
the MoS2 crystal. To do this we use atomic force microscope lithography (AFML), during which a large voltage is 
applied to an AFM tip resulting in a narrow (>20 nm) oxidized region beneath the tip. Device transport can be 
monitored in situ, and the dot dimensions adjusted accordingly. 

The success of the AFML oxidation depends on the relative humidity inside and outside the AFM chamber, and 
the cleanliness of the MoS2 surface. Surface residues, such as resist used for contacting, can also affect the 
electrical properties of the device. Various methods of residue removal have been reported and tried with 
unsatisfactory results, including annealing [1], and scraping the surface using a contact mode AFM tip [2]. A 
preferable contacting solution which is resist-free for improved transport and oxide definition is shadow mask 
evaporation [3]. Masks down to 4 micron separation have been fabricated. 

[1] S.D. Namgung et al., Influence of post-annealing on the off current of MoS2 field-effect transistors, 
 Nanoscale Research Letters (2015) 10:62; DOI 10.1186/s11671-015-0773y 

[2] A.M. Goossens et al., Mechanical cleaning of graphene, Applied Physics Letters (2012) 100 073110; 
 DOI 10.1063/1.3685504 

[3] W. Bao et al., Lithography-free fabrication of high quality substrate-supported and freestanding 
 graphene devices, Nano Research (2010) 3: 98-102; DOI 10.1007/s12274 010-1013-5 
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P:25 Path-integral description of quantum dots coupled to phonons accounting for relaxations due to radiative 
decay, cavity losses or tunneling  

M Cygorek, A M Barth and V M Axt 

University of Bayreuth, Germany 

Laser-driven quantum dots (QDs) or QDs coupled to the quantized modes of a cavity are subject to many 
couplings with the environment. On short time scales the pure-dephasing coupling to acoustic phonons is 
usually the main source of decoherence for quantum dots in the strong confinement limit. It is known that the 
super-Ohmic QD-phonon coupling may lead to pronounced non-Markovian behavior that cannot be captured by 
simple rate equations. A numerically exact treatment of both, the QD-phonon couplings and the light-matter 
interactions, has been provided in the framework of a path-integral method [1,2], where the finite memory due 
to the phonon system is accounted for. This path-integral method enables studies of the dynamics in QDs 
optically excited by arbitrary light pulses even in situations where the temperature is high and the coupling 
between the quantum dot and the phonons is strong.  

However, QDs are typically exposed to further environmental couplings such as, e.g., the radiative decay. For 
QDs embedded in cavities also the cavity losses strongly affect the dynamics. While the inclusion of such non-
Hamiltonian contributions to the dynamics is usually straightforward, as for example when using master 
equations with non-Hamiltonian relaxation terms of Lindblad form, it is at first sight not obvious how this can be 
achieved within the path integral method which is based on a representation of the dynamics in terms of the 
strictly Hamiltonian time evolution operator.  

Here, we present a generalization of the path-integral algorithm that allows us to treat both Hamiltonian and 
non-Hamiltonian dynamics on the same footing [3] which turns out to drastically extend its possible range of 
application and makes it an even more valuable tool for the analysis of open quantum systems.  

We first apply our new approach to the dynamics of a strongly confined QD under constant external laser 
excitation that is tuned close to the QD transition and study the interplay between the effects of the radiative 
exciton decay and the phonon scattering. We show that there is a non-monotonic dependence of the stationary 
exciton occupation that is reached towards long times on the applied optical field strength that only appears if 
both relaxation mechanisms are considered simultaneously. As a second application we study the QD 
dynamics for the case of a coupling to a single optical mode of a lossy resonator and compare the extended 
path integral method with a previously developed hybrid approach that was limited to strictly resonant and 
constant excitations. Finally, we note that our method has been successfully used to model photocurrent 
measurements of the exciton occupation of a single QD under short pulsed two-color excitation [4]. In this 
example the tunneling of electrons out of the QD which results in the photocurrent has been treated as a non-
Hamiltonian contribution to the QD dynamics which competes with the non-Markovian influences induced by 
phonons.  

[1]  N. Makri and D. Makarov, J. Chem. Phys. 102, 4600 (1995).  
[2]  A. Vagov, M. D. Croitoru, M. Gl¨assl, V. M. Axt, and T. Kuhn, Phys. Rev. B 83, 094303 (2011).  
[3]  A. M. Barth, A. Vagov, V. M. Axt, Phys. Rev. B 94, 125439 (2016).  
[4]  F. Liu, L. M. P. Martins, A. J. Brash, A. M. Barth, J. H. Quilter, V. M. Axt, M. S. Skolnick, and A. M. Fox, 
 Phys. Rev. B 93, 161407(R) (2016). 
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P:26 A charged quantum dot in a cavity - Nuclear spin environment, Faraday rotations and spin-photon 
entanglement 

E V Denning1, J Iles-Smith1, Dara P S McCutcheon2 and J Mørk1 

1Technical University of Denmark, Denmark, 2University of Bristol, UK 

Charged quantum dot (QD) devices have many potential applications in quantum technologies through their 
implementation as a photon–spin interfaces. For example, by manipulating the spin degrees of freedom of such 
systems, a series of entangled photons may be generated [1, 2], which may then be used in quantum 
computing schemes. Recent experimental work has demonstrated key properties of charged quantum dots, 
among these are the increased decoherence of a singly charged QD in a cavity compared to its neutral 
counterpart [3], the effect of the host nuclear spin environment on the optical properties of a QD [4] and 
Faraday rotations of linearly polarised light through interaction with a charged QD in a cavity [5, 6]. The 
progress in experimental techniques within the field of quantum electrodynamics in the context of charged QDs 
necessitates an extensive quantum theory describing the most central of the observed effects. 

We present a consistent microscopic theory describing nuclear spin effects on a charged QD in a cavity taking 
into account the long coherence time of the spin environment at a mean- field level [4, 7]. With this model, we 
derive a master equation for the spontaneous emission from the QD as the nuclear spin environment 
spontaneously lifts the spin-degeneracy. Further, we predict the effect of nuclear spins on the optical Faraday 
rotations of linearly polarised light interacting with the system. Specifically, we calculate the purity and 
polarisation ellipse of the output polarisation state and study how the nuclear environment affects the spin-
photon entanglement. 

 

Figure 1: (a) Schematic showing a charged quantum dot in a driven cavity and (b) the corresponding level 
scheme with coherent and incoherent interactions. 

[1]  C. Y. Hu, W. J. Munro, and J. G. Rarity, Phys. Rev. B 78, 125318 (2008). 
[2]  N. H. Lindner and T. Rudolph, Phys. Rev. Lett. 103, 113602 (2009). 
[3]  M. P. Bakker. et al, Phys. Rev. B 91, 115319 (2015). 
[4]  R. Malein et al., Physical Review Letters 116, 257401 (2016). 
[5]  C. Arnold et al., Nature communications 6 (2015). 
[6]  P. Androvitsaneas et al., arXiv preprint arXiv:1609.02851 (2016). 
[7]  I. Merkulov, A. L. Efros, and M. Rosen, Physical Review B 65, 205309 (2002). 
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P:27 Hemispherical micro-cavities to enhance the collection efficiency from embedded quantum sources 

G C Ballesteros and B D Gerardot 

Heriot-Watt University, UK 

High photon flux rates from single photon sources facilitate new experiments and applications of quantum 
optics. In the case of embedded solid state sources as InGaAs quantum dots and colour centers in diamond, 
the photon extraction efficiency is severely limited by the high index of refraction of the host medium while 
resonant cavities and nanowire waveguide antennas have been used in the past to try to overcome this 
problem. Monolithic micron-scale lenses have recently attracted attention due to their ability to offer broad-
band enhancement of the extraction efficiency with modest Purcell enhancement [1-3]. 

In this contribution we present a micro-lens design that combines elements from the theory of hemispherical 
laser cavities [4] and high-Q open cavity systems. The design presented consists of a hemispherical cavity with 
a gold back mirror and a DBR top mirror. The resulting device is compatible with embedded sources as the 
emitters are kept away from free surfaces which may limit the quantum coherence of the system. The structure 
presented also enhances the emission via the Purcell effect. The use of a gold mirror as a bottom reflector can 
be combined with a doped layer within the cavity to make the device charge tunable, and thus allowing energy 
and charge tuning of the emitter. Our final design achieves a Purcell factor of 2.5 and total efficiency of ∼ 70% 
using a DBR of SiO2/TiO2 of only 5 layers Fig 1. The small angular spread of the far-field would allow the 
collection of all photons using lenses with a typical NA of 0.68. 

 
Figure 1:  a) Purcell enhancement in the cavity design.   The peaks at 935 nm and 1012 nm correspond to the 
transverse fundamental modes TEM10,0,0 and TEM9,0,0. The smaller peaks correspond to higher order modes 
associated with the order 9 and 10 axial modes. b) Mode pro- file of TEM10,0,0 mode. c) Farfield pattern of the 
TEM0,0,10 mode. The white circle represents the angles accepted by a 0.68 NA lens. 

[1] M. Gschrey, et al. Nature Communications 6, 7662 (2015) 
[2] Y. Ma et al. Optics Letters 40, 2373 (2015) 
[3] A. Schlehahn, Appl. Phys. Lett. 108, 021104 (2016) 
[4] A. E. Siegman, Lasers, University Science Books (1986). 
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