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Transition metal dichalcogenides (TMDs) have attracted considerable attention 
from the scientific community in the last years.  When they are confined in two 
dimensional system exhibits: direct bandgap behaviour, strong light matter 
interaction, presence of extremely tight excitons, remarkable 
photoluminescence properties and a strong spin orbit splitting1. By vertically 
stacking monolayer TMD crystals and other layered materials, a new type of 
heterostructures can be achieved, exhibiting novel opto-electronic 
properties2,3. Such van der Waals heterostructures offer a platform for 
developing band gap engineering. The performance of these devices is 
primarily defined by the thickness and the type of individual layers, as well as 
the coupling between them4. The presence of organic residues between the 
atomic planes can significantly lower interlayer coupling efficiency, leading to 
reduced or prevented charge and energy transfer between the layers. We 
demonstrate a method of monitoring interlayer coupling in TMD heterobilayer 
through photoluminescence imaging using a bright-field optical microscope 
and the effect of a post fabrication vacuum annealing process on different 
heterobilayers device. Are also reported photoluminescence and reflectance 
contrast characterization of several TMD alloys, these results show the 
possibilities to achieve an alloy-based band gap tuning and access to valley 
engineering. 
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One of the fundamental steps for quantum technologies is the achievement of on demand single
photons generation; for this task, solid state single photon emitters (SPE) have emerged as the
most promising candidate. Recently, SPEs have been reported in two-dimensional materials,
such as transition metal dichalcogenides, like WSe2, and in hexagonal boron nitride (hBN).
Although the nature of these defects is still under debate, these SPEs hold promising features
for future device and on-chip integration.

Here we demonstrate the luminescence under electric charge-injection of a defect emitter
in a light-emitting device consisting of a vertical van der Waals heterostructure of a single
layer of WSe2, hexagonal boron nitride (hBN) and graphene [1]. Additionally, we present low
temperature spectroscopy under red excitation on single photon emitters in multilayer hBN
layers.

[1] Schwarz, S. et al. Electrically pumped single-defect light emitters in WSe2. 2D Material , 3, 025038
(2016).



Single spins and single photons in 2d materials
Alejandro R.-P. Montblanch1∗, Carmen Palacios-Berraquero1, Matteo Barbone1, Dhiren M.

Kara1 and Mete Atatre1

1Cavendish Lab, University of Cambridge, JJ Thomson Ave, Cambridge CB3 0HE United Kingdom
∗ar820@cam.ac.uk

key-words: Quantum dots, 2d materials, Transition Metal Dichalcogenides, strain, spin

Abstract:
In recent years, monolayers of Transition Metal Dichalcogenides (TMDs) have emerged as a field
of study in both applied and fundamental physics: the former due to properties such as their
direct-bandgap nature and clean interfaces; the latter due to for example the lack of inversion
symmetry in their real-space structure, tunable many-body interactions or the opening up of
investigations into spin-valley physics. TMDs also host quantum emitters (QEs) providing single
photons over a range of wavelengths from the visible to the infrared. However, QEs have until
now appeared randomly in the host TMDs. Here I present a method to deterministically generate
them [1] with a yield of over 95% based on the use of nano-patterned substrates. Furthermore,
their optical properties such as the spectral wandering surpass that of the randomly appearing
ones.
I will also present some of the most recent results on the charge control of QEs in TMDs using
atomically-thin heterostructures for future quantum computing applications.

Figure 1: Creation of quantum emitter arrays in 1L-WSe2. a, Integrated PL intensity
raster scan of a region of a 1L-WSe2 deposited on a nanopillar-patterned substrate to induce
quantum emitters in the TMD, taken under 200-nW/µm2, 532-nm laser excitation at 10 K. Green
crosses mark the position of six nanopillars beneath the 1L-WSe2. Colour-scale bar maximum is
160 kcounts/s. b, PL spectra taken at each of the corresponding green crosses in a, from left to
right respectively, showing the presence of narrow lines at each nanopillar location.
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Cavity-based single photon emitters possess great potential to meet the requirements of optical 

quantum computing and quantum communications systems. Fabry-Perot cavities especially, are a 

good candidate for these applications thanks to a circular mode profile emission and low-lasing 

threshold. These properties are related to the small volume of the active region and the use of highly 

reflective dielectric Distributed Bragg Reflectors (DBRs). The reflectivity R of the DBRs is related to 

the finesse F of the cavity, which represents the average number of round trips performed by the 

photon before being lost by transmission of one of the cavity mirrors. In order to assure a strong 

coupling in the cavity, a high finesse is required and therefore a reflectance as high as 99.9999% for 

each of the mirrors. Achieving such an objective involves a number of technical challenges, with 

limiting parameters such as dielectric surface roughness and other mirrors imperfections causing 

optical losses contributing to the decay of the photon emission efficiency of the cavity. 

High reflectance mirrors are usually quarter wave stacks composed of alternating high and low index 

dielectric materials (Figure 1.a).  If lossless materials are used, the reflectance attained by the quarter 

wave stack solely depends on the number of layers.  Practically, the reflectance is limited by losses in 

the layers due to absorption or scattering. Absorption losses are caused by dopant impurities, sub-

stoichiometric chemistries and metal centres. They are characterized by the extinction coefficients of 

the materials in the quarter wave stack. It is important to utilise only weakly absorbing materials with 

very low extinction coefficients for mirror fabrication. Scatter losses (Figure 1.b) are caused by dust, 

inclusions and voids between layers and are strongly related to surface roughness. 

  

Figure 1: a) Scanning Electron Micrograph of High-Reflectance mirror deposited by Helia Photonics ltd as a part of a 
Vertical Cavity Surface Emitting Laser (VCSEL) showing the alternating layers of Low index (grey) and high 
index(dark) layers. b) Scanning Tunnelling Spectroscopy performed on a Dielectric Bragg Reflector deposited by 
Helia Photonics and showing scatter in both low and high indices materials.     

The potential of new and existing dielectric materials in building high reflectance mirrors suitable for 

single photon emission is currently being explored. Dielectric single layer coatings were deposited 

and their refractive index n and extinction coefficient k were evaluated. The surface roughness of 

single layer coatings was measured using Atomic Force Microscopy. Future experiments include the 

evaluation of mechanical strain and built in stresses in dielectric coatings in order to determine the 

stability of the coatings. The overall optical losses in both single and multilayer coatings will be 

evaluated. High reflectance coatings will be fabricated according to the previous studies and the 

finesse of planar Fabry-Perot type cavities will be evaluated in collaboration with University of 

Sheffield and University of Basel. 
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Spin Degenerate Regimes for Single Two-Dimensional Quantum Dots on Transition
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Strong spin-orbit coupling in transition metal dichalcogenide (TMDC) monolayers results in spin
resolvable band structures about the K (K′) valleys such that the eigenbasis of a 2D quantum
dot (QD) in a TMDC monolayer in zero field is described by the Kramers pairs |0〉− = |K′ ↑〉,
|1〉− = |K ↓〉 and |0〉+ = |K ↑〉, |1〉+ = |K′ ↓〉. The strong spin-orbit coupling limits the usefulness
of single TMDC QDs as spin qubits. Possible regimes of spin-degenerate states, overcoming the
spin-orbit coupling in monolayer TMDC QDs are investigated in both zero field, where the spin and
valley degrees of freedom become fourfold degenerate, and twofold degeneracy in some magnetic
field, localised to a given valley. Such regimes are shown to be achievable in MoS2, where the spin
orbit coupling is sufficiently low and of the right sign such that the spin resolved conduction bands
intersect at points about the K (K′) valleys and as such may be exploited by selecting suitable
critical dot radii.
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1Université de Toulouse, INSA-CNRS-UPS, LPCNO, 135 Av. de Rangueil, Toulouse, France
2Ioffe Institut, St. Petersburg 194021, Russia

3Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan
*Corresponding author: manca@insa-toulouse.fr

Monolayer transition metal dichalcogenides host excitons, bound electron-hole pairs with bosonic
character that play an important role in optoelectronic applications relying on strong light-
matter interaction. Here, we report a first spectroscopic signature of boson scattering of two-
dimensional excitons in monolayer WSe2. The strong Coulomb interaction in WSe2 monolayers
combined with the presence of the valley degree of freedom is expected to provide new oppor-
tunities for controlling excitonic effects. Here we show that B-excitons preferably scatter with
A-excitons that have the same polarization. As the A-excitons are pumped with a σ+ polarized
laser, these scattering events deplete the B-level of σ+ excitons. As a result the hot lumines-
cence probing the B-exciton population is negatively polarized i.e. following σ+ polarized laser
excitation of the system, the σ− PL from the B-excitons is stronger than the σ+ component.
We find that the negative polarization amplitude increases with laser power, as scattering of B
with A-excitons of the same polarization becomes more and more likely, which is a signature of
Boson scattering. For efficient generation of B-excitons we resonantly excite A-excitons with a
low power, continuous wave laser while detecting B-exciton PL 430 meV above the laser energy
(upconversion PL). Detuning of the laser excitation outside the A-exciton resonance (with a
full width at half maximum of 4 meV) results in vanishing upconversion signal. This effect,
combined with the power dependence of the upconversion signal, is a signature of a two photon
absorption process, made efficient by the A-exciton as a real intermediate state.

Figure 1: (a) We have performed reflectivity with a white light source to identify A- and B-excitons.
In addition we observe an excited state of the A-exciton labelled A:2s (b) Upconversion PL: the laser is
tuned to the A:1s-exciton resonance and strong emission from B:1s and A:2s at much higher energy is
recorded. (c) B:1s upconversion PL showing negative polarization Pc = I+−I−

I++I−
for laser power of 5µW.

(d) Same as (c) but for 50µW. (e) Scheme to explain, negative, power dependent polarization of hot
B:1s PL emission observed in c-d based on boson scattering.
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We have realized ultra-high quality MoS2-based van der Waals heterostructures with gated graphene 
contacts (Figure 1a).  
 
Shubnikov-de Haas oscillations (SdHO) occurring at magnetic fields as low as 1T document the 
electronic quality of our 
devices (Figure 1b). At 
relatively high magnetic 
fields we observe a 3-fold 
degeneracy of the Landau 
levels as a result of the 
valley Zeeman effect. 
 
Negatively biased split gate 
electrodes allow us to form a 
channel which can be 
completely pinched off for 
sufficiently large gate 
voltages with the 
observation of conductance 
plateaus (Figure 1c) - [1]. 
 
Finally, we have measured 
quantum transport in a gate-
defined quantum dot. We 
observe Coulomb blockade 
diamonds (Figure 1d) with 
an estimated charging 
energy of 2 meV, in 
agreement with the dot size 
expected from our gate 
design.  
 
 
Laterally confined two-dimensional (2D) materials offer the opportunity to engineer quantum states with 
tunable spin, charge and even valley degrees of freedom. The pure thinness of these materials in 
combination with 2D insulators such as boron nitride pave the way for ultra-small strongly coupled gate-
defined quantum devices. 
 
We are confident that our observations are the first steps towards controlling and manipulating the spin 
and valley states of single confined electrons in transition metal dichalcogenides.  
 
References 
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Figure 1: a, Optical micrograph of the device. b, Four-terminal bulk 
resistance as a function of magnetic field. c, Four-terminal quantum 
point contact conductance. d,Coulomb blockade diamonds. 
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Abstract 
 Entanglement is one of the most fascinating aspects of quantum mechanics. Entanglement of optical 

photons allows for fundamental tests of quantum theory, as well as being a key requirement for many 

applications in quantum science and technology, such as quantum communication and quantum key distribution. 

Demonstration of spin-spin [1] and spin-photon [2] entanglement have paved the way for advances in long-

distance quantum communication and remote entanglement protocols [3]. However, the success of future 

experiments is limited by the flux of coherent photons [4].  

 Spontaneous emission of coherent photons is governed by the coupling of an excited quantum system to 

the electromagnetic vacuum fluctuations. These vacuum fluctuations can be confined by an optical cavity, 

enhancing the probability of photon emission into the cavity mode; the Purcell effect. In this project, we 

demonstrated Purcell enhanced single photon emission by coupling single nitrogen-vacancy (NV) centres to a 

tuneable microcavity [4].  

 The NV centre is a crystal defect in diamond consisting of one substitutional nitrogen atom with a 

vacancy trapped at an adjacent lattice position (inset Fig. 1a). The high contrast in refractive index across the 

diamond-air interface combined with a long radiative lifetime of 12 ns makes the flux of coherent photons out of 

the diamond weak. By exploiting the Purcell effect, we have demonstrated a reduction in the radiative lifetime to 

7 ns [4]. Furthermore, the Purcell enhancement of the zero-phonon line (ZPL) was found to be ~ 30, which 

corresponds to an increase in the probability of emission into the ZPL from ~3 to ~46%. The ZPL is a truly 

electronic transition, which implies emission of coherent, indistinguishable photons; a key requirement for 

quantum information protocols. 

 The microcavity consists of a plano-concave mirror configuration (Fig. 1c) [5], where the concave 

mirror is made using a CO2 laser ablation technique of a SiO2 substrate. A recent refinement of this technique 

has shown the possibility to create mirrors with micron-sized radii of curvature [6], allowing for smaller mode-

volume microcavities. As the Purcell factor scales inversely with the mode-volume, the new micron-sized radii 

of curvature mirrors can lead to even higher Purcell enhancement of the ZPL. After ablation, the mirrors are 

coated with a highly reflective DBR coating, to with a reflectivity >99.99%. The diamond membrane, with 

implanted NV centres, bonds to the lower mirror via van der Waals interactions. Piezoelectric nano-positioners 

allow for tuning the cavity in-situ, as shown in Fig. 1 (a) and (b), where the diamond is placed inside and outside 

the cavity respectively. The full tunablility of the cavity allows for the investigation of separated NV centres 

(Fig. 1 (d)). 

Fig. 1 (a) shows the diamond template located inside the cavity. The inset shows a schematic of the structure of the NV 
centre. (b) shows the diamond membrane outside the cavity, to demonstrate the lateral tunability of the cavity. (c) shows a 

schematic of the design of microcavity. (d) shows photoluminescence (PL) from different NV centres.  

[1] H. Bernien et al., Nature 497, 86 (2013) 
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Abstract

We propose a model of three-dimensional topological insulators consisting of weakly coupled electron- and hole-gas
layers with Rashba spin-orbit interaction stacked along a given axis. We show that in the presence of strong electron-
electron interactions the system realizes a fractional strong topological insulator, where the rotational symmetry
and condensation energy arguments still allow us to treat the problem as quasi-one-dimensional with bosonization
techniques. We also show that if Rashba and Dresselhaus spin-orbit interaction terms are equally strong, by doping
the system with magnetic impurities, one can bring it into the Weyl semimetal phase.

∗ Electronic address: yanickandre.volpez@unibas.ch

mailto:yanickandre.volpez@unibas.ch


Quantum Networks with NV centers
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Abstract:

The realization of quantum networks represents one of the most important challenges in quantum
information. To implement these networks it is necessary to generate entanglement between distant
nodes, each consisting of a quantum register. One of the candidates for a node in such a network
architecture is the nitrogen-vacancy (NV) center in diamond.
In this talk I will present why NV centers are promising building blocks for a quantum network. On
the one hand, the coupling between the NV electronic spin and the surrounding nuclei allows to store
the electronic spin state on individual nuclear spins, that can be used as quantum registers thanks to
their extremely long coherence times. On the other hand the NVs coherent interface with photons
allows to establish entanglement through the nodes via optical links. Together these two properties
of NVs provide the basic elements to build a large-scale quantum network with multi-qubit nodes.

⇤V.Cimini@tudelft.nl
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A Programmable Two-Qubit Quantum Processor In Silicon
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Electron spins confined to silicon quantum dots are promising qubits for quantum information processing
as they offer long coherence times and lend themselves well to scaling up. In this talk, I will discuss
experiments where we have demonstrated the initialization, read-out, and universal control of two single-
electron spin qubits confined to a Si/SiGe double quantum dot. Single-qubit gates are achieved by using
electric-dipole spin resonance mediated by micromagnets[1] and two-qubit gates are implemented by
making use of the exchange interaction[2]. Randomized benchmarking gives single-qubit gate fidelities
of 98-99% and quantum state tomography yields Bell state fidelities of about 90%. Integrated control of
the complete two-qubit system allows us to program it to successfully run the Deutsch-Jozsa and Grover
quantum algorithms.

References

[1] Erika Kawakami et al. “Electrical control of a long-lived spin qubit in a Si/SiGe quantum dot”. In:
Nature nanotechnology 9.9 (2014), pp. 666–670.

[2] M Veldhorst et al. “A two-qubit logic gate in silicon”. In: Nature 526 (2015), 410fffdfffdfffd–414.


	A - First Page
	ESR 1 - Alessandro Catanzaro
	ESR 2 - Luca Sortino
	ESR 3 - Alejandro Rodriguez
	ESR 4 - Najwa Sidqi
	ESR 6 - Matt Brooks
	Spin Degenerate Regimes for Single Two-Dimensional Quantum Dots on Transition Metal Dichalcogenide Monolayers
	Abstract


	ESR 8 - Marco Manca
	ESR 9 - Riccardo Pisoni
	ESR 11 - Sigurd Flagan
	ESR 12 - Yanick Volpez
	Abstract
	References

	ESR 13 - Valeria Cimini
	ESR 14 - Stephan Philips



