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Optically Induced Coulomb Blockade for an Efficient Single-Photon Emission

A. Galimov*, M. Rakhlin, Yu. Serov, G. Klimko, M. Kulagina, Yu. Zadiranov and A. Toropov
Ioffe Institute, 26 Polytekhnicheskaya str., St. Petersburg, 194021, Russia

* Corresponding author: galimov@mail.ioffe.ru

Single-photon sources based on semiconductor quantum dots (QDs) have emerged as an excellent platform 
for high-efficiency quantum light generation. To date, impressive source efficiencies have been demonstrated  
using  open  microcavities  [1].  However,  such  systems  require  complete  vibration  isolation  and  nanometer-
precision alignment, which hinders their commercial scalability. In contrast, monolithic sources offer inherent  
stability.  Among  them,  elliptical  micropillars  currently  achieve  the  highest  reported  end-to-end  efficiency,  
reaching 28% [2]. Further improving this efficiency requires full charge-state stabilization of the emitting QD.  
The  most  effective  technique  so  far  utilizes  the  Coulomb  blockade  effect  within  a  doped  p-n  junction 
microcavity [3]. Implementing this method is exceptionally challenging, as it demands the fabrication of a high-
Q  microresonator  with  a  heavily  doped  active  region—a  process  that  introduces  significant  free-carrier 
absorption  at  the  QD  emission  wavelength.  In  this  paper,  we  present  a  simpler  alternative  method  for  
implementing Coulomb blockade in QDs, which enabled us to increase the single-photon emission efficiency in 
elliptical micropillars to 34%

The single-photon source is an elliptical micropillar containing self-organized InAs/GaAs QDs sandwiched 
between a bottom (30 pairs) and a top (18 pairs) distributed Bragg reflector [4]. The reactive ion etching method  
was optimized to obtain strictly vertical sidewalls with minimal roughness. The asymmetry of the resonator  
induced a polarization degree of 86% for the single-photon emission, which significantly reduced the losses  
associated  with  cross-polarization filtering during  resonant  excitation.  Controlling the  QD charge  state  was 
achieved directly during epitaxial growth by incorporating a p‑n‑p doping profile into the microcavity [5]. This 
profile features a thin n‑type GaAs layer placed at a predetermined distance from the QD layer. By varying the  
doping concentration of this n‑layer and its separation from the QDs, we can control the relative alignment of the 
Fermi level with the QD ground‑state energy. This enables the fabrication of structures with a predominant 
population of positively charged, negatively charged, or neutral QDs. A model based on an analytical solution of  
the  Poisson  equation  shows  good  agreement  with  the  experimental  data.  In  addition  to  the  main  resonant 
excitation, weak optical illumination with a laser energy above the GaAs bandgap is used. This illumination 
lowers the potential barrier in the p‑n‑p structure, allowing fine‑tuning of the QD energy level relative to the 
Fermi level. Once the Fermi level crosses the ground‑state energy of the QD, a Coulomb‑blockade regime is 
established within an energy range of about 20 meV. 

In this  work,  we used a QD in a singly hole‑charged state as the single‑photon source.  With Coulomb 
blockade,  we achieved stabilization of this  state  with a  fidelity up to 97%. The optical  power required for  
stabilization was only about 1 pW, thereby preserving the high‑quality single‑photon emission characteristics 
under  resonant  excitation.  For  a  π‑pulse  excitation condition,  the  stabilized source exhibits  a  single‑photon 
intensity  of  26.4 MHz  at  a  laser  repetition  rate  of  78.3 MHz.  The  corresponding  single‑photon  emission 
efficiency  into  a  single‑mode fiber  is  34%,  which  ranks  among the  highest  values  reported  for  monolithic 
sources. The generated single photons show a purity of 96.3% [g(2)(0) = 0.037] and an indistinguishability of 
94%.

The work was supported by Rosatom in the framework of the Roadmap for Quantum computing (Contract 
№. 868/1734-D dated 22 September 2025)
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Multi-Quantum-Dot Systems in Nanowires

Nika Akopian  a  
DTU Electro, Technical University of Denmark

Semiconductor quantum dots are leading sources of bright, indistinguishable single and entangled photons, 
making them strong candidates for quantum photonic devices. This work presents two new approaches for 
integrating multiple deterministically grown quantum dots with excellent optical properties in a single nanowire.

In the first approach, we introduce, for the first time, AlGaAs nanowires as a universal host platform for 
GaAs, InGaAs, and InAs quantum dots. In the second approach, we develop and demonstrate, for the first time, 
the deterministic growth of optically active crystal-phase quantum dots emitting single photons.



Synchronization of polariton condensates in aperiodic Penrose tiling 
 

 

 
 

 
 

 
 

 
 

 

 

 
 

 

 
 

  
 

 
 

 
 

 

 



Natural Hyperbolic MoOCl2 for Anisotropic Raman Enhancement 
and Molecular Sensing
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*Corresponding author: minnekhanov@xpanceo.com 

Natural hyperbolic media offer a route to deeply subwavelength light confinement and strongly enhanced 
local photonic density of states, enabling new regimes of light-matter interaction.[1] However, most natural van 
der Waals hyperbolic crystals operate in the mid-infrared, leaving a long-standing gap in the visible range that is  
crucial for spectroscopy, biosensing, and integrated nanophotonics.[2] Here we show that MoOCl2, a layered 
quasi-one-dimensional  correlated metal,[3]  overcomes this  limitation  by  exhibiting  extreme in-plane  optical 
anisotropy in the visible and near-infrared: a metallic response along the crystallographic a-axis and a dielectric 
response along the b-axis, which together support in-plane hyperbolic electrodynamics.

Using angle-resolved polarized Raman spectroscopy, we uncover a highly anisotropic vibrational response 
of  MoOCl2 that  directly  reflects  its  anisotropic  electronic  continuum.  Raman  lineshapes  become  strongly 
asymmetric for excitation polarized along the metallic  a-axis,  consistent  with pronounced Fano interference 
between discrete phonons and a continuum of electronic excitations. Beyond lineshape asymmetry, the Raman 
tensor  exhibits  excitation-energy-dependent  polarization  switching,  revealing  a  dispersive  redistribution  of 
Raman scattering efficiency between the principal axes. Together, these results provide a compact spectroscopic 
fingerprint of strong and highly directional light-matter coupling in this natural hyperbolic metal.

We then exploit this anisotropic coupling to demonstrate “Hyperbolic-Enhanced Raman” (HypER) sensing 
on exfoliated, optically flat MoOCl2 flakes without any lithography or nanoparticle structuring. For a standard 
dye analyte (Rhodamine 6G), MoOCl2 enables polarization-tunable Raman enhancement factors exceeding 107 

and detection down to the picomolar level  (about  100 pM),  while offering an intrinsic “on/off” control  via 
incident polarization alignment with the metallic axis. Importantly, the sensing concept is not limited to dyes: we  
additionally  observe analogous enhancement  for  other  molecular  analytes,  including doxorubicin,  indicating 
broader applicability for molecular detection relevant to nanophotonics-enabled biosensing.

Our results position MoOCl2 as a simple, air-stable, wafer-compatible platform for visible-range hyperbolic 
nanophotonics where hyperbolic electrodynamics, anisotropic electronic continua, and Fano-type interference 
can be harnessed to boost inelastic light scattering and enable polarization-encoded, lithography-free molecular 
sensing.
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Canalized polariton propagation and non-abelian gauge field focusing
 in perovskite microcavities
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One  of  the  promising  advantages  of  perovskites  microcavities  is  the  possibility  to  host  exciton-
polaritons at  room temperature [1].  In the recent  experiment [2],  non-equilibrium condensation in CsPbBr3 
perovskite microcavity has been achieved under non-resonant pumping. Due to the presence of strong linear  
birefringence and TE-TM splitting, the dispersion exhibits two tilted Dirac points (DPs) [3] at high wave vectors.  
The pronounced profile of the dispersion plays a crucial role in the strong redistribution of the intensity in real 
space. We achieve experimentally coherent polariton beams of different frequency by varying the pump spot 
size. Thus, we obtain the following regimes of polariton flow according to the shape of the iso-frequency curves  
(IFCs): hyperbolic (characterized by effective negative refractive index), flat and parabolic IFCs, see Fig.1a. In 
all these cases polariton propagation close to the DPs is strongly collimated. The divergence of the polariton 
beam calculated from its width determines the collimation factor which takes the biggest value (~20) in the case 
of flat  IFC leading to the pronounced canalization effect,  see Fig.1b.  From the theoretical  side,  the above-
mentioned reconfigurable  polariton canalization effect  is  reproduced by  means  of  numerical  simulations  of 
spinor Gross-Pitaevskii equation (GPE).  Moreover, we show that the collimation of polariton beam is strongly 
enhanced due to the presence of a non-Abelian gauge field [3], which is especially pronounced in the hyperbolic  
regime. 

Fig. 1: Canalized polariton flow at flat IFC. (a) Major types of IFCs. 
(b) Top panel: zoomed experimental real-space image revealing canalized polariton flow toward the +x 

direction with stable nondiffractive propagation over ~20 μm (normalized for each y coordinate). The bottom 
panel shows the corresponding theoretical simulation using GPE.
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Dissipative coupling and non-Hermitian effects in polaron-polaritons
M. A. Bastarrachea-Magnani a*, Diego A. Mendoza a, Areli J. Vega-Carmona a,  and A. Camacho-Guardian b

 aUniversidad Autónoma Metropolitana-Iztapalapa, Mexico City, Mexico.
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Dissipative  coupling  refers  to  the  effect  in  which  systems interact  with  each  other  through dissipation 
channels  [1].  Recent  advances  in  light-matter  systems have  opened new avenues  to  explore  non-Hermitian 
effects arising from dissipative coupling, including level attraction, exceptional points, anomalous dispersion,  
negative mass, and bound states in the continuum, offering opportunities for propagation engineering, sensing, 
and more [2].  Exciton-polaritons formed in a  microcavity semiconductor serve as a  promising platform for 
studying the interplay between these effects and many-body physics [3-5]. In this work, we present first an 
analytical study of the parametric effect of dissipative coupling on polariton systems, identifying the conditions 
for the emergence of non-Hermitian effects [6]. Next, using a quantum field-theoretical formalism [7,8], we 
extend the analysis to include the interplay between dissipative coupling and polariton Feshbach physics [9] by  
considering polaron-polaritons, quasiparticles resulting from the interaction between a polariton impurity and a 
polariton  BEC with  opposing  spin  [10].  Finally,  the  classical  limit  of  the  polariton  system within  a  non-
Hermitian framework is discussed [11].
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Fig. 1: Real and imaginary parts of polariton branches as a function of detuning (top) and momentum (middle),  
and polariton effective mass in the relative dissipation and detuning parameter space (bottom).



Ultralong Spin Lifetimes of Optically Oriented Electrons and Holes in Perovskite 
Semiconductors
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Long electron or hole spin lifetimes are essential for quantum technologies based on semiconductor spin 
qubits. The spin coherence time T2, which characterizes the unperturbed spin precession about a magnetic field,  
should allow for execution of 104-106 qubit operations. At a clock frequency of 100 GHz this requires T2 > 10 
µs. Notably, the time T2 can be extended by decoupling spin qubit from noisy environment to the limit T2 = 2T1 [1]. 
Thus, the spin relaxation time T1 ultimately determines the practical applicability of the spin system.

Many solid-state systems exhibit spin coherence and relaxation times far beyond several µs [2]. Smaller  
amount exhibit long spin lifetimes at temperatures higher than 1 K. And only a few of these systems allow optical spin 
initialization and manipulation, a prerequisite for high-speed qubit operation. In this talk I will discuss an emerging 
spintronics platform, perovskite semiconductors,  providing optical access to spin states and, as we will  see,  
millisecond-long spin relaxation and coherence times.

Perovskite semiconductors become popular a decade ago as promising materials for photovoltaics, which 
stimulated much broader studies including investigation of their spin properties. These properties turned out to be 
similar to those of the most prominent handbook spin systems allowing optical spin manipulation. For a long time 
the access to the spin coherence and relaxation times in perovskites was obscured by inhomogeneity of the system 
and limited sensitivity of the experimental techniques. Only recently we have developed a resonant spin inertia 
technique [3] taking advantage of the pump-probe Faraday rotation and optically detected magnetic resonance  
(ODMR) techniques, while increasing their sensitivity. This technique enabled access to the millisecond-long spin 
relaxation times T1 separately for electrons and holes [4] and excitons [5] in CsPbBr3 and CsPbI3 perovskite 
nanocrystals. 

So far, long spin lifetimes have mainly been observed in strongly confined systems, where the effects of spin
–orbit interaction are suppressed: nanocrystals, defects or deep centers embedded in lattice. Perovskites possess 
unique lattice inversion symmetry, so the most powerful D’yakonov-Perel spin relaxation mechanism related to  
the spin-orbit interaction turned out to be absent [6]. As a result, we detect ms-long spin relaxation time even in 
bulk crystals for weakly localized carriers. Moreover, we were able to observe the spin mode locking effect,  
synchronization of spin precession in electron ensemble, which allowed us to detect ms-long spin coherence times 
T2 in bulk FA0.95Cs0.05PbI3  perovskite crystals [7]. Our results highlight perovskites as a unique semiconductor 
platform for  quantum information applications  combining  optical  spin  control  with  exceptionally  long  spin 
lifetimes.
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Smart Ports and Safe Borders: The Economic and Environmental Impact of Muon-Based Inspection
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Efficient and reliable inspection of cargo containers remains a structural challenge for modern seaports, where 
growing commercial flows must coexist with stringent security requirements. Conventional X-ray and gamma-
ray Non-Intrusive Inspection (NII) systems, though widely deployed, suffer from inherent limitations: high 
operational costs, radioprotection constraints, limited penetration in dense cargo, and the inability to scale 
beyond single-container inspection.

This  study presents  a  quantitative assessment  of  a  next-generation inspection paradigm based on Muon 
Scattering Tomography (MST), using large-area Resistive Plate Chambers (RPCs) and sub-100 ps Time-of-
Flight (ToF) momentum tagging. Through physics-based simulations, port-workflow reconstructions, and 
techno-economic modelling calibrated on European terminal data, we compare MST with the X-ray baseline.

Results indicate that MST can reduce inspection-cycle time by 60–80% by enabling parallel scanning of 4-5  
containers, eliminating radiological delays, and lowering secondary-inspection rates. The economic model 
predicts  €8–12 million annual  savings for  a  medium-size terminal,  driven by reduced crane occupancy, 
diminished  dwell  time,  and  lower  radioprotection  overheads.  Environmentally,  MST  decreases  energy 
consumption and embedded carbon, yielding an estimated 90-tonne annual CO e reduction for a 30,000-₂
container flow.

While these findings require validation in real port environments, the combined evidence suggests that MST 
constitutes  a  structurally  different  inspection  regime—passive,  scalable,  and  compatible  with  smart-port 
logistics.  As European ports pursue digitalization and Green Deal targets,  MST emerges as a promising 
pathway toward high-throughput, low-carbon, and security-enhanced border management.

Introduction

Global maritime trade has undergone unprecedented growth over the past decade, with more than 90% of 
global goods transported in sealed cargo containers according to WTO and WCO estimates [1]. As seaports 
evolve into increasingly automated and digitally integrated infrastructures, the tension between accelerating 
commercial throughput and maintaining high levels of border security has become sharper. Customs agencies 
must detect a widening range of threats-from nuclear materials to illicit goods—while ensuring that inspection 
processes do not slow down port operations or compromise the competitiveness of national logistics systems.

Traditional  Non-Intrusive  Inspection  systems  based  on  X-ray  and  gamma-ray  technologies  remain 
indispensable  tools  within  this  framework.  Yet  their  limitations  have  been  repeatedly  highlighted  in 
international assessments [2–5]. Radiographic systems require substantial radiation shielding, operate under 
strict safety margins, and struggle to penetrate dense or shielded cargo. Their ability to discriminate materials 
based on atomic composition is limited, particularly in high-Z regimes. Moreover, most current systems are 
geometrically constrained to inspect one container at a time, a restriction that inherently caps throughput and  
creates operational bottlenecks in large commercial ports. The consequence is a structural mismatch between 
inspection capacity and the growing volume of containerized trade.

Muon  Scattering  Tomography  offers  a  promising  complementary  approach  to  bridge  this  gap.  Unlike 
radiographic  systems,  MST  relies  on  cosmic-ray  muons—a  naturally  occurring,  harmless  and  deeply 



penetrating radiation source present uniformly across the Earth's surface. When muons traverse matter, they 
undergo multiple Coulomb scattering, an effect governed by the atomic number and radiation length of the  
material they cross [5,8]. This physical principle gives MST a unique capability: it can probe dense or shielded 
cargo that conventional radiography cannot reliably image, while remaining completely safe for operators and 
the environment. As the United Nations has emphasized, such non-ionizing inspection methods are aligned 
with global sustainability and safety requirements for next-generation border control [3,4].

Over  the  past  fifteen  years,  several  MST prototypes  have  been  developed  using  a  variety  of  tracking 
technologies, including drift tubes, scintillator panels, GEM chambers, Micromegas detectors, and Resistive 
Plate Chambers (RPCs). Projects such as the Decision Sciences MMPDS (USA), the INFN MUON PORTAL 
(Italy), CRIPT (Canada), and MST components within EU-funded initiatives like C-BORD and SilentBorder 
have  significantly  advanced  the  field.  However,  all  have  faced  two  critical  constraints  that  limit  their  
operational maturity at seaport scale. First, the vast majority rely on average sea-level muon momentum spectra 
because they cannot measure the momentum of each muon individually.  Since scattering angles depend 
strongly on particle momentum, this leads to systematic uncertainties and limited Z-discrimination capability, 
a limitation summarized clearly in recent reviews by Bonechi et al. [8-9]. Second, most detectors feature 
geometries optimized for single-container inspection, making large-scale deployment challenging in high-
throughput environments.

Recent technological developments fundamentally shift this landscape. RPCs, originally developed for large-
area cosmic-ray experiments such as ARGO-YBJ [17], now offer sub-millimeter spatial resolution and timing 
precision in the 50–100 ps range when employed in multigap configurations (MRPCs). Such timing accuracy 
is sufficient to measure the velocity of sub-GeV muons through time-of-flight (ToF) techniques, enabling 
event-by-event  momentum  estimation—an  innovation  that  directly  addresses  the  primary  limitation  of 
previous MST systems. For energies below ~700 MeV, ToF-based momentum reconstruction provides the 
missing information required to correctly deconvolve scattering distributions, allowing for true Z-sensitive 
imaging even in the presence of thick shielding.

Equally transformative is the feasibility of constructing large-area RPC-based tracking systems with industrial 
scalability.  Modular  chamber  designs  with  dimensions  tailored  to  cover  standard  12-m  containers—
approximately 2.8 × 1.1 m² for longitudinal modules and 2.0 × 1.1 m² for transversal ones-enable full container-
width coverage without blind regions. The industrial maturity of RPC technology, proven in high-energy 
physics installations exceeding 7,000 m², allows the fabrication of large detector planes capable of supporting 
multi-container tomography. When arranged in stacked configurations above and below container lanes, such 
systems can exploit existing harbor crane infrastructure to perform parallel scanning of multiple containers, 
drastically reducing inspection time and enhancing operational throughput.

These developments are complemented by advances in data processing and reconstruction. Machine learning 
techniques  -  including  convolutional  neural  networks,  graph-based  architectures,  and  physics-informed 
models-are  increasingly  used  to  extract  scattering  features,  enhance  angular  resolution,  and  accelerate 
tomographic reconstruction [13-15]. Combined with modern simulation pipelines based on Geant4, these 
methods enable realistic training scenarios and robust performance in operational environments. Furthermore, 
the integration of MST systems within broader smart-port architectures—featuring IoT devices, digital twins, 
and automated logistics-aligns with current trends in port digitalization and EU strategies for secure and  
efficient trade.

The environmental and regulatory context also plays a crucial role. With transport representing roughly 25% 
of  EU  greenhouse  gas  emissions  [15-16],  passive  inspection  systems  based  on  cosmic  muons  offer  a 
sustainable alternative to energy-intensive radiographic technologies. Simultaneously, compliance with GDPR 
and the newly adopted AI Act [13-14] is essential for inspection systems classified as high-risk. MST aligns  



naturally  with these frameworks:  it  operates without  ionizing radiation,  generates inherently anonymous 
physics data, and can be embedded within secure digital workflows for customs risk analysis.

In  summary,  recent  progress  in  detector  engineering,  timing  electronics,  simulation,  and  computational 
reconstruction places MST on the threshold of operational readiness. For the first time, the combination of 
event-by-event momentum measurement, large-area industrialized RPC systems, scalable parallel scanning, 
and AI-enhanced reconstruction creates  the conditions for a  practical,  deployable  technology capable of 
addressing  modern  seaport  inspection  needs.  This  article  examines  the  economic,  operational,  and 
environmental  impacts  of  adopting  such  advanced  MST systems  in  European  ports,  using  the  Port  of 
Civitavecchia as a representative case. By situating MST within the broader evolution toward smart, secure, 
and sustainable port ecosystems, we evaluate its potential to reshape the landscape of cargo inspection and 
border management.

Figure 1 – Conceptual comparison between conventional X-ray Non-Intrusive Inspection (left) and 
Muon Scattering Tomography (right).



Giant optical anisotropy in van der Waals materials: from magnetic excitons to 
hyperbolic materials
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The quest for the next-generation photonic architectures is fundamentally dependent on the discovery and 
control of materials exhibiting giant optical anisotropy [1]. Van der Waals (vdW) materials have emerged as a 
revolutionary platform for this endeavor, offering strong light-matter interactions [2]. However, an experimental 
challenge  has  existed  in  quantifying  the  full  dielectric  tensor  for  these  low-symmetry  crystals.  This  work 
presents a comprehensive determination of these fundamental properties, achieved by applying spectroscopic 
ellipsometry and Mueller matrix measurements. Our findings reveal new physical regimes, tracing a narrative 
from magnetically-induced resonances [3,4] to natural hyperbolicity [5].

This  exploration  begins  with  magnetic  excitons,  for  which  we  demonstrate  that  the  interplay  of 
dimensionality, electronic correlations, and magnetism in vdW crystals is a powerful tool for engineering optical  
anisotropy. For example, we establish that short-range magnetic correlations can stabilize excitons even in bulk, 
non-magnetic phases of CrCl3 [3] and CrSBr [4]. Moreover, we show that CrCl3 has a record-breaking exciton 
binding energy of 1.64 eV, an order of magnitude larger than that of typical semiconductors, which we attribute  
to quasi-2D confinement and robust magnetic correlations that persist at room temperature [3]. In CrSBr, we  
observe  a  giant  exciton  oscillator  strength  that  fundamentally  defies  established  scaling  dependencies,  as 
predicted  by  the  Arrhenius  law  [4].  This  anomalous  behavior,  originating  from  the  1D  electron-hole  
wavefunction overlap, generates a giant in-plane birefringence of ∆n ≈ 1.5 near the exciton resonance [4].

We then push this investigation to the most extreme form of anisotropy: natural hyperbolocity. This exotic  
state, in which the dielectric tensor components have opposite signs along orthogonal axes, is a primary goal of  
nanophotonics but has been largely restricted to the mid-IR. We report the first direct experimental determination 
of  the  full  dielectric  tensor  of  MoOCl2,  establishing  it  as  a  natural,  broadband hyperbolic  material  for  the 
technologically critical visible and near-infrared spectrum [5]. As a result, our work demonstrates a materials-
centric approach using an advanced ellipsometry configuration as a powerful path to unlock novel regimes of  
light-matter interaction for next-generation nanophotonics.
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Universality  provides  a  powerful  framework  for  grouping  systems  with  different  microscopic  details  into 
common macroscopic behaviors.  Here,  we present experimental  evidence of  two-dimensional Kardar-Parisi-
Zhang (KPZ) [1] universal scaling in exciton-polariton condensates.
The KPZ universality class is a paradigmatic example of nonequilibrium physics. While one-dimensional KPZ 
scaling  has  been  observed  in  many  platforms  [2],  including  exciton-polariton  condensates,  genuine  two-
dimensional KPZ behavior can only arise far from equilibrium. Although predicted theoretically [3,4], it has not 
been  experimentally  demonstrated  so  far.  Although  exciton-polaritons  are  inherently  driven-dissipative,  
nonequilibrium conditions alone do not guarantee KPZ scaling in two dimensions.
By engineering square and triangular microcavity lattices, we condense polaritons at negative effective-mass 
states, suppress vortex formation, and realize large, coherent condensates [5]. Using space- and time-resolved 
interferometry, we measure the first-order coherence function g1(Δr, Δt). Upon rescaling, the data collapse onto  
the universal 2D KPZ scaling function, yielding critical exponents in quantitative agreement with theory and 
unambiguously establishing two-dimensional KPZ universality in exciton-polariton condensates.

Fig. 1 Scaling collapse of g1(Δr, Δt) obtained for a square lattice onto the theoretically obtained KPZ scaling 
function
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Low-power topological darkness sensors based on anisotropic reflection
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Perfect absorption accompanied by phase singularity is an increasingly important phenomenon in light-matter 
interaction. Despite relatively simple physical origin, it enables elegant and diverse applications, including ultrafast 
analog computing [1],  holography [2],  and ultrasensitive  molecular  detection platforms [3-4].  However,  the 
structural complexity of existing implementations motivates the search for alternative optical systems capable of 
supporting phase singularities. In addition, the robustness of such systems against noise and imperfections present 
in real physical environments remains an open question.

In this work, we demonstrated that phase singularities can be realized in reflection from an anisotropic material. 
We derived the analytical condition required for the emergence of the phase singularity and analyzed its evolution 
within the system parameter space. Using the proposed platform (Fig. 1(a, b)), we investigated the effect of shot 
noise on the performance of a refractometric sensor. We developed a realistic ellipsometric model operating near 
a zero-signal condition with incorporated shot noise model to numerically evaluate the statistical properties of the 
sensing scheme.

Our analysis revealed two key mechanisms which determine sensor resolution associated with theoretical 
sensitivity and short noise fluctuations. We presented a method to estimate the achievable resolution and identify 
the optimal operational regime in which these competing effects are balanced through appropriate adjustment of 
the angle of incidence for a given sensing problem (Fig. 1(c)).

Fig. 1: (a) Sketch of the refractometric sensor under study: a uniaxial absorbing material covered with an 
optically thick layer of analyte. (b) Plot of the complex-valued ellipsometric response function for the system in  
(a). (c) Behavior of the sensor's noise-limited (solid lines) and sensitivity-limited (dashed line) resolution with the 
analyte refractive index shift  δn  =0.0002 for different source powers. The asterisks indicate the optimal 
incidence angle at which the sensor exhibits the optimal resolution.

These findings demonstrate that topological darkness sensors can operate efficiently even at low illumination 
power, making them promising candidates for compact and energy-efficient optical devices.
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Flat bands in condensed matter physics are known for hosting peculiar phenomena, including localization of  
excitations, density of states singularities, and emergence of exotic quantum states [1]. However, flat bands are 
highly sensitive to perturbations, making their observation challenging and typically requiring fine-tuning or 
symmetry protection. In our work, we present a novel approach to selectively populate and manipulate flat bands  
within a driven-dissipative non-Hermitian system: a one-dimensional chain of coupled lasing dimers. 

Fig. 1: Schematic illustration of laser dimers consisting to lasers coupling via optical waveguide A. 
The dimers coupled with each other via common perpendicular waveguide W forming a chain

         We consider active optical resonators coupled via vertical optical waveguides forming laser dimers. The  
dimers are coupled with each other through a common horizontal waveguide  W. To be specific, we consider 
polaritonic Bose-Einstein condensates in microresonators coupled to optical waveguides. Using a coupled-mode 
approximation, we demonstrate that the synchronization regime of the dimers (in-phase (Δ =0) or antiphaseϕ  
(Δ =π) configuration) can be dynamically controlled via in-situ tuning of non-resonant pumping intensity.ϕ
          Flat bands emerge in linear excitation spectra of the chain of coupled dimers for both in-phase and  
antiphase dimer configurations. However, they exhibit drastically different behaviors. In the antiphase regime, 
the  flat  band  corresponds  to  the  dominant  mode,  manifesting  the  system as  a  sequence  of  non-interacting 
compact localized states (CLSs) that are uncoupled from the rest of the lattice. In this regime radiation into the  
horizontal  waveguide is  suppressed due to  the destructive interference.  Evidently,  flat  bands can be clearly 
observed in the noise response spectra. Moreover, if the pump is switched off after a stable state has formed, the  
properties of flat bands in the quasi-conservative limit can be studied. In contrast, in-phase synchronized dimers  
actively emit into the horizontal waveguide  W leading to phase-locking of dimers in the chain. Finally, we 
demonstrate pump-controlled phase transitions between these configurations.
             Our findings provide a novel perspective on flat bands in non-Hermitian systems, opening avenues to  
study both conventional linear flat bands and flat bands in the excitation spectra of laser lattices. 
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Wurtzite AlxGa1−xAs nanowires are a promising platform for band-gap engineering, quantum photonics, and 
crystal-phase-based nanostructures. Here I report new results on the band-gap evolution of wurtzite AlGaAs 
nanowires over an extended Al-composition range, combining photoluminescence measurements, first-
principles calculations, and effective modeling.

Macro- and micro-photoluminescence measurements show clear optical emission up to nominal Al contents of 

x=0.9, extending the experimentally accessible range well beyond previous studies, while no signal is detected  

for the AlAs end member under the present conditions.  The comparison with DFT-HSE calculations shows 

excellent agreement up to about x 0.4, indicating that theory captures the main evolution of the direct gap in the∼  

low- and intermediate-Al regime. At higher Al content, the DFT results become systematically larger than the  

measured  optical  transition  energies  and  predict  the  onset  of  indirect-gap  behavior  above  about  x≈0.70.  

However, the calculated direct and indirect gaps remain separated by only a few tens of meV in the Al-rich 

regime, pointing to a near-degenerate crossover region rather than a sharp transition. This provides a natural  

explanation for the persistence of optical activity in real nanowires up to high Al content, where alloy disorder,  

local composition fluctuations, and localization effects may sustain radiative emission even as the electronic  

structure approaches an indirect-gap configuration.

For completeness, Fig. 1 also includes an effective k p fit of the full experimental dataset up to nominal x=0.9,⋅  

providing a practical description of the measured gap evolution. Overall, these results further establish wurtzite  

AlGaAs nanowires as a versatile material platform in which direct-gap behavior, near-crossover physics, and 

quantum confinement can be tailored within a single system.

Fig. 1: Experimental gap energies, 

DFT results, corresponding fits, and effective k p description for wurtzite Al⋅ xGa1−xAs nanowires as a function of nominal Al content.
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Thermoelectric (TE) materials, in the context of recent technological advancements, are regarded as the 
foremost choice for converting waste heat into electrical energy [1]. Nonetheless, their industrial application is  
constrained by factors such as high-temperature fabrication processes, the high cost of inorganic TE materials,  
and their inherent toxicity. In the past decade, composites of organic polymers with carbon-based nanostructures, 
such  as  graphene  nanoplatelets  or  carbon  nanotubes,  have  attracted  considerable  attention  as  TE  materials 
suitable for energy harvesting applications [2-6].  

We successfully developed and characterized a printable TE composite paste based on GNPs and P3HT, 
tailored for low-temperature energy harvesting applications. By systematically varying the GNP:P3HT ratios and 
incorporating dopants such as LiTFSI and TBP, we achieved significant improvements in electrical conductivity,  
Seebeck coefficient, and overall power factor. Comprehensive morphological and Raman analyses revealed that 
doping not only improved charge carrier mobility and interfacial interactions but also promoted a more uniform 
and  well-ordered  composite  structure. 
Among  all  tested  configurations,  the 
GNP:P3HT(LiTFSI+TBP)  1:2 
composite  exhibited  the  best 
performance,  attaining a power factor 
exceeding 1000 nW/mK2 for thin film, 
marking  a  substantial  leap  over 
undoped  counterparts.  Pelletized 
versions  of  the  optimized  composite, 
including  TiO2  NP,  were  used  to 
fabricate  a  functional  TE  module, 
validating  the  scalability  of  the 
material system.
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Carbon-based nanostructures are believed to be promising candidates for terahertz (THz) applications [1]. 
Following our earlier work on narrow-gap carbon nanotubes and graphene nanoribbons [2], as well as graphene 
bipolar waveguides [3] and double quantum wells [4],  we are now considering dipole optical  and terahertz  
transitions in two other types of nanocarbons – carbynes and cyclocarbons. 

The technology for synthesizing carbynes (polyyne carbon chains) has rapidly evolved over the last few 
years, with stable long chains deposited on substrates now a reality [5]. We have recently demonstrated and 
explained a strong polarization dependence of photoluminescence from highly aligned carbon chains terminated 
by gold clusters [6]. A prominent feature of long polyyne chains (chains with two alternating non-equal bonds) is  
the presence of topologically protected mid-gap edge states. For a finite-length chain, the two edge states form 
an even and odd combination with the energy gap proportional to the edge-state overlap due to tunneling. These  
split states of different parity support strong dipole transitions. We have shown [7] that for long enough carbyne  
chains, the energy separation between the HOMO and LUMO molecular orbitals formed by the edge states 
corresponds to the THz frequency range. There are several other allowed optical transitions in this system that  
can be used to maintain the inversion of population required for THz lasing. The frequency of THz transitions  
can be tuned by an external electric field [8].

Another  recent  achievement  in  nanocarbon  technology  is  the  demonstration  of  controlled  synthesis  of 
cyclocarbons,  particularly  the  cyclocarbon allotropes  C18 [9]  and  more  recently  C16 [10].  The  properties  of 
cyclocarbons in an external (lateral in the plane of the molecule) electric field differ drastically depending on the  
parity  of  the  number  of  dimers  in  a  polyyne ring.  This  is  a  direct  consequence  of  breaking  the  inversion  
symmetry in a ring consisting of an odd number of dimers, including the famous C18. Our estimates [11] show 
that adding just one extra carbon dimer to C16 is equivalent to placing this molecule in an external magnetic field 
of over 1000 T. For a polyyne cyclocarbon with an odd number of dimers, because of the absence of inversion 
symmetry, an experimentally attainable electric field should open a tunable gap between otherwise degenerate 
states, leading to two states with allowed dipole transitions between them in the THz range. Population inversion  
can be achieved again using optical pumping.
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Polaritons without excitons: the mechanism of 
lasing in lead halide perovskites
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Abstract— Lead halide perovskites are well known for their very large optical absorption 
coefficient in the visible spectrum, enabling thin film solar cells, few hundreds of nanometres in 
thickness, to fully absorb sunlight. Quantum mechanical unitarity of the absorption process ensures 
that the reciprocal process, optical emission, has an equally large matrix element and therefore is 
also very efficient, a feature that is known as reciprocity and that ensures that the best possible 
solar cell materials are also the best possible light emitting ones. 

I will present evidence that light-matter is strong enough to give rise to polariton states, with a 
distinctive dispersion, even in unpatterned perovskite thin films, without external cavities or light 
confinement structures. Since correlated electron-hole pairs are the majority optical excitations in 
3D hybrid perovskite thin films at room temperature, such polaritons are of a novel kind, not 
exciton-polaritons, but more appropriately band-edge polaritons. Not having to depend on the 
stability of bound excitons, band-edge polaritons survive at very large excitation densities.

Ultrafast optical spectroscopy experiments demonstrate that band edge polaritons even undergo 
Bose-Einstein condensation at the threshold for stimulated emission. Such findings open new 
avenues for perovskite optoelectronics thanks to the peculiar properties of polaritons: firstly, 
polariton lasers are potentially thresholdless because they do not require inversion nor optical gain; 
second, polaritons propagate at large speed in planar waveguides, and may be applied to integrated 
photonic circuits; third, and most important, polaritons inherit the strong nonlinearities from their 
matter component, so that efficient quantum gates may be realized.
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Perovskite  photovoltaics  are  approaching 
commercialization, yet deployment at the panel level is 
still constrained by operational stability in the field and 
by  defect-  and  ion-driven  degradation  pathways  that 
intensify under heat, humidity, and electric bias[1]. Here, 
a  scalable  fabrication-to-exploitation  workflow  was 
demonstrated for terrestrial p-i-n perovskite modules and 
a prototype panel. Outdoor operation was evaluated by 
parallel monitoring of an experimental perovskite solar 
panel  and  an  industrial  HJT  Si  reference  during 
September-November  2025  using  a  validated  protocol 
with synchronized irradiance and temperature telemetry. 
Across the accepted measurement  runs,  the perovskite 
panel exhibited a clear advantage in specific energy yield 
under low-irradiance conditions typical for overcast and variable-weather operation (<200 W m-2). In the 
threshold low-light regime (daily integrated insolation from 1.51×10-2 to 1.38×10-1 Wh cm-2, with typical 
levels ≤150 W m-2 and short peaks up to ~460 W m-2), the perovskite panel outperformed the silicon analogue, 
showing gains from ~12% To address durability limitations, two complementary materials approaches were 
emphasized. First, integration of the layered perovskite AVA2FAPb2I7 as an inter-grain heterostructure within 
CsFAPbI3 reshaped  inter-grain  energetics  and  increased  chemical  robustness  against  thermal  cycling, 
humidity, and electric fields[2]. The heterostructure suppressed ion migration and inhibited metal/perovskite 
corrosion;  surface-contact  studies  indicated  stabilized  iodine/lead  states  and  reduced  copper  oxidation, 
consistent with limiting diffusion of reactive species toward electrodes. Second, bulk SAM modification using 
an asymmetric TPA-Py molecule (triphenylamine donor with pyridine acceptor) introduced strong dipole-
driven  band  bending  and  reduced  non-radiative  recombination,  while  screening  ionic-defect  transport 
(activation energy 0.45 eV from PIVTS)[3]. Consequently, open-circuit voltage increased to 1.14 V and 
efficiency to 21.3%, and thermal lifetime improved markedly: T80 rose from 260 h to >700 h under ISOS-
D-2 (85°C). Overall, the results link low-light exploitation advantages with scalable, intrinsic stabilization 
routes for durable perovskite panels.
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Chiral light-matter interaction provides a powerful mechanism for spin-dependent photon routing and 
constitutes a central resource for integrated quantum photonics. Glide-plane photonic crystal waveguides offer a 
nanophotonic platform in which broken mirror symmetry generates locally circularly polarised guided modes, 
giving rise to spin-momentum locking between quantum dots' spin states and propagating photons [1].

We present experimental investigations of individual InAs quantum dots embedded in the slow-light region 
of glide-plane waveguides, where both strong Purcell enhancement and high optical chirality can be achieved 
simultaneously. Spectral tuning of the exciton transition across the slow-light band results in a pronounced 
reduction of the emission lifetime, confirming operation in the high-
chirality, emission becomes strongly directional, with photons deterministically routed into counter-propagating 
waveguide modes according to the exciton spin state.

Figure 1(a) illustrates the device geometry and the working principle of waveguide-mediated excitation. 

Photoluminescence measurements obtained via in-plane excitation Fig.1(b) exhibit enhanced directional contrast 
compared with conventional local excitation Fig.1(c), demonstrating the coexistence of directional absorption 
and directional emission within the same nanophotonic architecture [3]. Furthermore, for emitters located away 
from the waveguide centre, we observe a pronounced spectral dependence of the local optical chirality, leading 
to a controllable variation and in some cases inversion of the directional contrast. 

By combining slow-light enhancement, spin-momentum locking, and waveguide-mediated excitation within 
a photonic device, glide-plane photonic crystal waveguides provide a versatile framework for engineering chiral 
light-matter interaction with a high degree of control at the single-emitter level. Such capability establishes a 
pathway toward programmable spin-photon interfaces and scalable quantum photonic circuits based on 
semiconductor quantum dots.
References
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Figure 1. (a) Schematic of chiral emission in a glide-plane waveguide. (b) Enhanced directional contrast under
in-plane excitation compared with (c) local excitation.
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A typical two-level system - a quantum dot (QD) in a resonator is widely used as a single-photon source for 
quantum computing and communications. It is generally assumed that for a varying pump pulse area n*π, the  
maximum amplitude of Rabi oscillations corresponds to a probability of populating the upper level equal to unity 
for an odd integer n, and the minimum amplitude corresponds to a zero probability for an even n. In fact, for even 
n, a multiphoton state can emerge from a QD, characterized by a bunch of single photons with a second-order  
correlation function at zero delay time g(2)(0)>1. his phenomenon was attributed to the emission of photon pairs 
under a single excitation pulse [1]. However, this model could not explain a similar observation for very short 
pulses and the repeatedly noted absolute necessity of both a charge in the QD and the presence of a resonator.

We investigated the quantum electrodynamics underlying the emergence of such a bunch using a single-photon 
source created at the Ioffe Institute with a purity and indistinguishability close to unity. It comprises a single 
InAs/GaAs QD with a positive trion (resident hole) placed in a high-Q micropillar cavity. The measurements were 
done in a cross-polarization optical scheme with strong laser filtering ~10 -6. At pump powers corresponding to 
odd-π pulses, g(2)(0) is close to zero, whereas at even-π pulse its value can exceed 3. To elucidate the photon nature 
in the bunch, we measure the Rabi oscillations in photoluminescence (PL), g(2)(0), and PL decay upon the pulse 
area increased to 6π. Decomposition of the PL decay curves reveals an admixture of resonantly fast scattered laser 
photons for even π-pulses that is absent for odd π-pulses, which consistent with g(2)(0) oscillation (Fig. 1).

The proposed explanation for this phenomenon takes into account the fact that the laser pulse wave packet 
contains many photon states (~102), which initiate a superposition of Rabi oscillations of varying frequencies and 
amplitudes. This leads to a nonzero probability of excitation of a trion by a 2π pulse. Since linear polarization is a 
superposition of left- and right-polarized components; the interaction of the trion spin with one of them leads to a 
rotation of the polarization angle of resonantly scattered photons, as occurs in the Kerr effect. Due to the presence 
of a resonator, this nonlinear effect is enhanced by orders of magnitude, resulting in a rotation of several degrees.  
Thus,  despite  the strong filtering of  the  laser  light,  a  coherent  superposition of  emitted single  photons and 
resonantly scattered laser photons is formed and detected. The developed theoretical model, based on the Jaynes-
Cummings approach, describes the observed dependences of Rabi oscillations on the pulse area, as well as g(2)(0), 
when the QD emission line is detuned in energy relative to the cavity mode [2]. Such coherent multiphoton states 
with a controlled composition of scattered and emitted photons can be used in quantum technology.

This work is supported by the State Corporation Rosatom within the Quantum Computing Roadmap (contract 
No. 868/1734-D dated September 22, 2025). 

Рис. 1: Cross-polarization measurement scheme with g(2)(t) under excitation (a) by a π-pulse and (b) a 2π-pulse; 
(c) dependencies of the PL, g(2)(0), and scattered laser light on the pulse power; (d) PL decay curve for 2π 
excitation decomposed into fast scattered laser light and slow trion emission with the PL lines in the inset.

[1] K.A. Fischer et al. Nature Physics 13, 649 (2017). 
[2] I.V. Krainov et al. arXiv:2507.05943v1 [cond-mat.mes-hall] (2025).



Semiconductor–Semimetal Transition in van der
Waals Carbyne Crystals
Stella     Kavokina  , D. Barettin,  E. L. Ivchenko
and Alexey V. Kavokin
Freestanding van der Waals crystals made of single-atom carbon chains — carbynes — 
have been recently realized technologically. Here we investigate their
electronic and optical properties experimentally, by continuous-wave and timeresolved
photoluminescence spectroscopy, and theoretically. Employing a fully
three-dimensional tight-binding formalism benchmarked against density functional
theory calculations we predict the semimetal-semiconductor transition to
occur in van der Waals carbyne crystals composed by the chains of about 42
atoms long. The semiconductor phase is characterized by a hyperbolic van Hove
singularity which gives rise to unconventional hyperbolic exciton states. Experimentally,
we access the semiconductor phase, where resonant features associated
with hyperbolic excitons are clearly visible. The exciton oscillator strength is
found to be strongly sensitive to the length of carbon chains: our experiments
show that it decreases with the increasing chain length. This tendency, confirmed
by the theoretical modeling, manifests the evolution of the hyperbolic
exciton state on the way to the semiconductor-semimetal crossover. Our approach
accounts for the actual crystalline geometry, including alternating intra-chain
hoppings and inter-chain couplings. By fitting tight-binding dispersions to density 
functional theory data we extract consistent parameters and establish a comprehensive
framework for the physics of carbyne crystals. This study paves the
way towards efficient band-gap engineering in ultimate one-dimensional carbon
crystals.
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Implementation of quantum networks using a well-developed classical optical communications infrastructure 
imposes  a  limitation  on  the  operating  wavelength  of  photon  sources,  which  must  correspond  to  the 
telecommunications C-band (1530-1565 nm) [1]. To obtain deterministic single-photon sources operating in this 
range,  we  used  an  original  technological  approach,  including  the  formation  of  an  epitaxial  metamorphic 
heterostructure with InAs/InGaAs quantum dots using molecular beam epitaxy (MBE) and the fabrication of a 
hybrid microresonator with semiconductor and dielectric distributed Bragg reflectors (DBRs) (Fig. 1a). The lower 
mirror of the microcavity, the Al0.9Ga0.1As/GaAs DBR, is formed during the MBE growth of the initial heterostructure, 
while the upper DBR consists of several pairs of layers of deposited dielectric materials Si/SiO 2. These structures 
allowed implementation of a resonant coherent mode of pulsed excitation of a single QD, providing, at a pump  
power corresponding to the first Rabi oscillation (π-pulses), record-high parameters of single-photon emission at  
a wavelength of 1.554 μm: the purity of single-photon emission of ~97% (g(2)(0) ~ 0.03) and a polarized photon 
emission frequency of 8.8 MHz (in a single-mode optical  fiber at  a pump frequency of 78.3 MHz), which  
corresponds to the “first-lens” efficiency of up to 22.8%. 

Fig. 1: a) A vertical cross-section of a hybrid cylindrical microresonator, including a lower GaAs/AlGaAs 
DBR and an upper Si/SiO2 DBR, as well as a metamorphic InGaN buffer layer and an InAs/InGaAs QD in a 

cavity 3 wavelengths thick. The asterisk schematically indicates the location of the emitting QD. b) Oscillatory 
dependence of the average photon generation frequency on the normalized area of the pumping laser pulse (in π 

units). The «end-to-end» efficiency 11% of generating polarized photons in a single-mode optical fiber 
corresponds to the π-pulse coherent excitation. 
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The work was supported by Rosatom in the framework of the Roadmap for Quantum computing (Contract №. 
868/1734-D dated 22 September 2025).

References
[1] P. Holeva et al, Nanophotonics. 14, 1729 (2025).

0 1 2 3 4 5 6 7

4

6

8

p

- pulse    p

T=24 K    

L=1554 nm    

pppppp

P
ho

to
n 

co
un

ts
, 

M
H

z

Normalized pulse area
p

f=8.8 MHz B=11%   



Van der Waals Materials for Advanced Nanophotonics: Perspectives and Challenges
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Van der Waals (vdW) materials are at the core of modern optoelectronics and nanophotonics [1]. Materials 
with high optical anisotropy are of great importance in technology and science, yet relatively little research  
attention has been devoted to their giant optical anisotropy. While one of the largest birefringences in the visible 
and near-infrared intervals (up to 0.8) was reported in the quasi-one-dimensional crystal BaTiS 3 [2], anisotropic 
nanophotonics  requires  an  optical  anisotropy  of  about  1.5  to  fully  exploit  the  advantages  of  anisotropic 
properties  [3-4].  Inspired  by  this  challenge,  our  focus  shifted  to  two-dimensional  materials  and  their  bulk 
counterparts, vdW materials [5-9]. We demonstrate that the fundamental difference between strong interlayer  
covalent bonding and weak interlayer van der Waals interaction leads to unprecedented high birefringence. These 
values exceed 1.5 in the infrared and 3.0 in the visible spectral intervals. Thus, our studies enable a new field of  
vdW anisotropic nanophotonics. The use of this giant anisotropy leads to next-generation integrated circuits and  
optical elements. Specifically, we achieved unmatched lateral dimensions for vdW-based waveguides with a 
footprint  of  only  several  tens  of  nanometers.  This  provides  a  unique  opportunity  to  place  around  10000 
waveguides on a millimeter-scale photonic chip. Such vdW-based photonic integrated circuits can become a 
decisive platform for an electronic-to-photonic replacement, significantly increasing computer data processing 
capabilities. The idea behind using vdW materials relies on four distinct advantages. First, they possess a larger  
optical  bandgap  compared  to  conventional  high  refractive  index  materials,  enabling  smaller  operation 
wavelengths without dissipative losses. Second, they exhibit some of the largest refractive indices among known  
materials. Third, their record-breaking optical anisotropy provides an additional degree of freedom for the design 
optimization  of  integrated  photonic  elements.  Finally,  the  lithography  process  leaves  vdW materials  with 
dangling  bonds-free  surfaces  and  atomically  sharp  edges,  resulting  in  minimal  scattering  losses  and  high-
intensity nonlinear properties alongside a superior linear response. From a broader perspective, these features are 
also highly beneficial for countless optical devices beyond on-chip integration, including resonators, dielectric 
mirrors, and waveplates.
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Chilling Photons in Variable Potentials: From a Two-State System of Light 
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Photons in optical microcavities radiatively coupled to a room temperature bath, such as dye molecules 
or more recently also semiconductor materials, can operate as collective quantum systems of light at 
near thermal equilibrium conditions, enabling e.g. the observation of photon Bose-Einstein 
condensates [1-4]. In my Bonn group, we have thermalized photons in a two-mode dye microcavity 
system at conditions of tuneable chemical potential, demonstrating the elementary statistical 
mechanical problem of N bosons in a two-level system. To begin with, in a preparatory experiment 
carried out at pulsed pump conditions, Josephson oscillations between the two quantum states are 
observed, which verifies the possibility for coherent manipulation. Next, at stationary conditions 
thermalization of the two-mode system is investigated, arising from the radiative coupling of photons 
to the dye. Despite that the energetic splitting between the eigenstates is two orders of magnitude 
below the thermal energy such that at low occupations an almost equal distribution of the modes 
occupation is observed as expected from Boltzmann statistics, we observe efficient population of the 
ground state population and saturation of the upper level at high filling [5]. The experiment holds 
promise for state preparation in quantum technologies as well as for quantum thermodynamics studies. 
In other work with the dye microcavity system, we have demonstrated the realization a Bose-Einstein 
condensate of photons in a four-site quantum ring [6]. Photons here macroscopically populate the 
linear combination of site eigenstates with no phase winding, which is the ground state of the ring 
lattice.   
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Molecular beam epitaxy (MBE) is widely regarded as the benchmark technique for layer-by-layer, defect-

minimized growth of semiconductor epitaxial films under ultra-high-vacuum (UHV) conditions, typically at base 

pressures of10-10-10-11 mbar. Despite its unparalleled capability to precisely control film composition, thickness, 

and crystallinity at the atomic scale, its application to halide perovskites has remained relatively limited. In the 

rapidly evolving field of halide perovskites, however, MBE offers distinctive advantages for fully exploiting the 

optoelectronic properties of these materials in electronic and photovoltaic devices. In this talk, we will describe 

the advances performed in the development of MBE growth of halide perovskite, discussing the epitaxial growth 

mechanisms, structural characteristics, and surface morphology of CsPbBr3 films on various technologically 

relevant substrates, including Si(111), Si(001), Ag(111), and particularly SiO2-buffered Si(111). We highlight the 

critical role of an ultra-thin amorphous SiO2 interlayer, introduced by exposure of a clean Si(111)7×7 surface to 

molecular oxygen, which significantly enhances film quality by mitigating lattice mismatches and facilitating 

epitaxial growth through a novel "slip-and-stick" mechanism. [1,2] This buffer layer effectively decouples the 

CsPbBr3 film from the reactive silicon surface, preventing molecular dissociation and facilitating the formation 

of highly crystalline films. The grown CsPbBr3 perovskite layers were extensively characterized using multiple 

techniques, including in-situ Auger electron spectroscopy, XRD, RHEED and HAADF-STEM. These analyses 

revealed uniform stoichiometry throughout the grown films and exceptional crystal quality, with XRD patterns 

demonstrating sharp reflections indicative of a pure orthorhombic phase with full widths at half maximum 

(FWHM) as low as 0.035°, comparable to single-crystal silicon standards. Such unprecedented crystallinity points 

to a significantly reduced defect density and negligible residual stress. HAADF-STEM  investigations confirmed 

the presence of large epitaxial domains spanning several micrometers, each exhibiting uniform alignment of the 

c-axis perpendicular to the substrate.  

These results highlight the strong potential of CsPbBr3 thin films for tandem photovoltaic architectures, 

especially when integrated with silicon platforms, where they may enable substantial improvements in both device 

efficiency and operational stability. The approximately 2 nm-thick amorphous SiO3 interlayer proved crucial in 

promoting this highly ordered growth mode, as supported by detailed structural modelling and density functional 

theory (DFT) simulations. [2] The computational results are consistent with the experimental findings and support 

a “slip-and-stick” diffusion mechanism, in which CsPbBr3 species migrate across the amorphous silica surface 

with minimal energy barriers, preserving their molecular integrity and enabling uniform layer-by-layer deposition. 

Overall, the successful epitaxial growth of CsPbBr3 films by MBE, enabled by a silica buffer layer, 

underscores the critical importance of substrate engineering and controlled deposition in the fabrication of high-

quality perovskite materials. We will also briefly discuss the MBE growth of other lower-bandgap halide 

perovskites. These findings represent an important step toward the integration of fully inorganic perovskites into 

robust and efficient optoelectronic devices, next-generation tandem solar cells, and advanced electronic 

technologies. 

 

References 

[1] De Padova, P.; Ottaviani, C.; Olivieri, B.: Ivanov, Y.P.; Divitini, G.;3 Di Carlo, A. The role of SiO2 buffer 

layer in the molecular beam epitaxy growth of CsPbBr3 perovskite on Si(111), Scientific Reports 2024, 14, 23618. 

[2] Tantardini, C.; Argiolas, S.; De Padova, P.; Yakobson, B.I.; Di Carlo, A.; Mattoni, A. Amorphous Silica 

Interlayer Unlocks Direct Epitaxial Growth of CsPbBr3 on Silicon via Slip-and-Stick Mechanism, J. Phys. Chem. 

Lett. 2025, 16, 2385−2392. 

 
 


