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Abstract. Quantum information processing demands efficient quantum light sources (QLS) capable of
producing high-fidelity single photons or entangled photon pairs. Single epitaxial quantum dots (QDs) have
long been proven to be efficient sources of deterministic single photons; however, their production via
molecular-beam epitaxy presents scalability challenges. Conversely, colloidal semiconductor QDs offer
scalable solution processing and tunable photoluminescence but suffer from broader linewidths and
unstable emissions. This leads to spectrally inseparable emission from exciton (X) and biexciton (XX)
states, complicating the production of single photons and triggered photon pairs. Here, we demonstrate that
colloidal semiconductor quantum shells (QSs) achieve significant spectral separation (~ 75-80 meV) and
long temporal stability of X and XX emissive states, enabling the observation of exciton-biexciton bunching
in colloidal QDs. Our low-temperature single-particle measurements show cascaded XX-X emission of
single photon pairs for over 200 seconds, with minimal overlap between X and XX features. The X-XX
distinguishability allows for an in-depth theoretical characterization of cross-correlation strength, placing
it in perspective with photon pairs of epitaxial counterparts. These findings highlight a strong potential of

semiconductor quantum shells for applications in quantum information processing.



Introduction.

Non-classical states of light are at the forefront of the emerging quantum optics technologies, with nascent
applications in quantum communication,'” information processing,** sensing,’ and computation.®
Significant progress has been made in engineering quantum light sources that emit single photons. Nearly
ideal deterministic single-photon emitters can now be realized using epitaxially grown quantum dots (QDs)
which benefit from mature semiconductor processing methods and the integration of photonic microcavities
to enhance light output and indistinguishability.”®° Epitaxial QDs have also stimulated research into the
on-demand generation of more complex photonic states, such as correlated photon pairs and entangled

photon states!'%11:12:13

particularly at cryogenic temperatures where they show great promise for producing
entangled pairs.'"'> However, the fabrication of epitaxial QDs via molecular-beam epitaxy is non-trivial

and thus presents significant scalability challenges.

Conversely, colloidal semiconductor quantum dots (CQDs), synthesized via wet-chemical methods, offer a

scalable and cost-effective alternative.'*!>1617:

1819 However, CQDs suffer from fast non-radiative decay
processes, including Auger and surface recombination, that lead to charging, spectral fluctuations of
photoluminescence (PL), poor coherence, and PL flickering. These issues severely limit the ability of CQDs
to produce distinct emissions from exciton (X) and biexciton (XX) states, thereby hindering their
application in generating single photons or entangled photon pairs. Despite these challenges, recent
advancements in non-blinking CsPbBr; and InP CQDs with short radiative lifetimes and spectral stability'
of XX and X spectral lines have demonstrated photon indistinguishability,'> sparking a renewed interest to

the colloidal nanostructures for quantum information processing.

Here, we demonstrate that colloidal semiconductor quantum shells (QSs)?%212223:2425:26 with a CdScore-
CdSesnei-CdSshen geometry can produce spectrally distinct and stable emission from X and XX states - an
essential characteristic of a quantum emitter. This capability has allowed us to observe X and XX photon
bunching behavior in QSs - a phenomenon not previously seen in colloidal nanocrystals. The significant
spectral separation between X and XX photons, as shown in Figure 1a, results from a substantial biexciton
binding energy of Exx-Ex = 75-80 meV, attributed to a strong exciton-exciton repulsion within the quantum
shell. A combination of a large binding energy and a high biexciton PL QY*¥ of 50-90% in quantum shells
enables the observation of a well-resolved PL trajectory from a XX state with long-term stability exceeding
200 seconds (Figure 1b). Using low-temperature single-particle measurements, we have recorded temporal
correlation (photon bunching) between X and XX photons, signifying biexciton cascade relaxation. The

experimental realization of clear bunching behavior in QSs has also facilitated a theoretical analysis of the



underlying quantum mechanical processes. By utilizing a three-level system model, we demonstrated that
the photon statistics of the cascade can be altered from an asymmetric to a symmetric (spike-like) degree
of bunching depending on the number of contributing decay processes. In particular, the model shows a
familiar "butterfly" bunching signature when XX and X photons are perfectly separated, transitioning to a
symmetric "spike" behavior with increased cross-leakage. Our simulations suggest that the observed
bunching, despite visual separation of XX and X lines, is likely affected by some unresolved emission lines
contributing to the background, such as charged excitons and higher-order biexcitons. These findings
enhance our fundamental understanding of multiphoton emission events and underscore the potential of

quantum shells as a promising semiconductor colloidal QD geometry for developing quantum emitters.
Results and Discussion

The generation of correlated photon pairs in semiconductor QDs was originally proposed by Benson et al.?’
by exploiting biexciton (XX) - exciton (X) radiative cascades. This process begins with the decay of the
XX state, which involves the recombination of an electron-hole pair and the emission of a single photon,
transitioning the QD to a single exciton state. Subsequently, a second emission occurs, allowing the exciton
state to relax back to the ground state. Owing to Coulomb interactions, the XX state shows a substantial
spectral shift with respect to the case of two unbound excitons. The polarization properties of the emitted
photon pair are influenced by the optical properties of the active exciton doublet state. In a symmetric
quantum dot, the X states are degenerate, making the emitted photon pairs indistinguishable. However, in
more realistic scenarios where the quantum dot is asymmetric or due to the presence of fine structure
splitting and exchange interactions, the photons become distinguishable. The resulting quantum cascade
emits pairs of photons in two possible decay channels with orthogonal linear polarizations, producing either

two horizontally polarized photons or two vertically polarized ones.?®

In this work, we employed colloidal semiconductor quantum shells as a promising nanoscale geometry for
studying the biexciton cascade. Compared to most colloidal nanocrystals, QS structures provide sufficiently
high biexciton PL QY and significant spectral separation between XX and X states. Figure 1a illustrates
the structure of a CdS/CdSe/CdS quantum shell, which consists of a spherical CdSe quantum-well layer
sandwiched between two CdS potential barriers. This core/shell/shell morphology is similar to previously
reported Quantum-Dot Quantum-Wells (QDQW) nanocrystals but distinguishes itself with a large CdS core
component whose size surpasses the exciton Bohr radius. The rationale for using a larger core is to increase
the volume of the CdSe shell. By enlarging the CdSe quantum-well volume, Coulomb interactions among

multiple excitons are effectively diminished, which in turn reduces their Auger recombination rate.



Electron microscopy images of quantum shells in Figure 1(d,e) confirm the presence of three distinct
regions within the QS structure: the CdS core, the CdSe quantum-well layer, and the CdS outer shell. The
hexagonal morphology of these nanocrystals suggests a thermodynamically driven growth, achieved
through high temperature annealing in the presence of unique surfactants (please see the Supplementary
Information for details of synthesis). The linear optical absorption and PL emission characteristics of the
6.0-nm core QSs in solution are shown in Figure 1c. The PL full width half maximum (FWHM) is 96 meV,

which is comparable to that of II-VI quantum dots.

To characterize the spectral properties of exciton and biexciton states in our samples, we start by employing
ensemble measurements of amplified spontaneous emission (ASE). This technique provides a direct method
for determining the energy separation between the X and XX bands and allows for estimating the average
number of electron-hole (e-4) pairs in specific multi-exciton states by monitoring ASE at varying pump
power levels. Figure 2a shows a characteristic ASE spectrum from a spincoated film of 6.0-nm-core CdS-

CdSe-CdS QSs. Here, the single exciton PL signal is detectable under any level of excitation power, while
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Figure 1. (a) A diagram illustrating exciton-exciton repulsion in a quantum shell structure. (b) Time-
dependent PL spectra of an individual QS showing energy-separated X and XX emission bands. The
integration time of each frame is 1s. The insert shows an energy diagram of a two-exciton state of a QS.
(c) Emission and absorption profiles of a 6.0-nm-core CdS-CdSe-CdS QS. (d) Characteristic TEM
image of 6.0-nm-core CdS-CdSe-CdS QSs. (e) High angle annular dark field (HAADF)-STEM images
of 6.0-nm-core quantum shells, illustrating the location of the CdSe shell layer.

the XX ASE feature only emerges beyond a specific power threshold. The measured energy gap between
the X and XX bands is 78 meV, with the biexciton state residing at a higher energy level. This energetic
ordering of X and XX states is unusual because, in both colloidal and epitaxial quantum dots, XX transitions
typically exhibit lower energy (A« < 0). In quantum shells, however, exciton-exciton repulsion results in a
positive Ay, pushing the energy of the XX state above that of the X state. Furthermore, the observed energy
difference between the XX and X states in QSs (Exx - Ex) is significantly larger — by a factor of 3-4 —



compared to most colloidal nanocrystals, enabling a clearer spectral distinction between the X and XX

emission bands.

To perform single-particle PL at cryogenic temperatures, stock solutions of QSs were diluted and spin-
coated onto precleaned quartz substrates. The samples were then loaded into a continuous-flow liquid
helium cryostat integrated into a home-built PL setup. Optical excitation of the QSs was achieved using
either CW 532 or a pulsed picosecond (ps) 400 nm laser, focused onto the samples with a microscope
objective (NA = 0.6, 40x magnification). The pulsed laser delivered pulses approximately 50 ps in duration
at a variable repetition rate of between 5-10 MHz. PL emitted from the QSs was collected by the same
objective and directed either to a charge-coupled device (CCD) attached to a spectrometer for imaging and
spectroscopic analysis or to a pair of single-photon avalanche diodes in a Hanbury Brown-Twiss
configuration for time-resolved and time-correlated single photon counting experiments. Optical

measurements were conducted either at room temperature or at 10 K, as specified.

XX

Axx=75-80 meV

PL (scaled)

275 300 325 350 375 400 425 450

Stripe length (um) XX X

PL (scaled)

|
Stripe length d -O-G b
610 640 A/nm 670 700

Figure 2. (a) Room temperature PL intensity of a QS thin film at various stripe lengths of the excitation
spot. Inset: Integrated intensity of the ASE vs. stripe length. (b) Energy diagram showing the X — XX
energy separation corresponding to panel (a).

Quantum shells that exhibit nearly complete Auger suppression are prime candidates for multiphoton
generation. Recently, we have shown that CdS/CdSe/CdS QSs exhibit nearly 100% biexciton quantum
yield. To study their emission properties, we used both fluorescence intermittency (blinking) and photon
correlation techniques to record the behavior of individual 6-nm core CdS/CdSe/CdS QSs at room
temperature. Figure SF 3a shows a typical blinking intensity trace of a single QS under pulsed excitation

(400 nm and 25 nW), indicating minimal fluorescence intermittency. The absence of blinking in these QSs



has been attributed to suppressed Auger recombination, allowing both charged trions and biexcitons to

undergo radiative recombination.

To quantify the XX quantum yield (QY*¥*) we employed second-order photon correlation measurements
(g%(7)) as established by Nair et al. Ref[*’] This method correlates the value of antibunching function with
quantum yield as g%(0)=QY**/QYX in the limit of the low pump power. It is particularly suitable for
measurements of spectrally inseparable emission lines from XX and X transitions when both types of

emissions are simultaneously collected into each arm of the HBT setup. Several recent papers successfully

30

Additional Spectra or power dependences

Intensity (cts/sec)
—
Time (sec)

10
TR O N
0o 700 5

560 580 600 620 640 660 68

600 625

Wavelength (nm) Wavelength (nm)

Figure 4: (a) Single QS spectra taken at 10 K. Shaded bars show the bandpass filters used to separate the emission
for correlation measurements. (b) 3D plot intensity plot of the same QS taken over 30 sec and indicating the spectral
stability of the XX and X lines. (c) Spectra at higher excitation powers (to be added)

demonstrated large QY** ranging from 40-80 % for large core CdSe/CdS NQDs***! and QSs*+*? and reach
nearly 100 % for 8 nm core CdS/CdSe/CdS QSs. An example is shown in Figure S3b, where
2%(0)=QYB*~85 % is demonstrated for 6-nm core QS. To exclude possible mishap with small QS clusters
that would also provide non-zero g(0) values,**** we applied a variable time gating procedure when
calculating g*(t) values. Analyzing g*(t) traces using only photons with decay times longer than that of the
biexciton state (txx = 5-10 ns for 6.0-nm core QSs),***? we thus excluded biexciton contributions. Figure
SF3c¢ shows the g*(1) trace after implementing a gate time of 15 ns, where the g2(0)<0.5 as would be

expected for exciton-only contribution. 232

Despite the overall high biexciton quantum yield, emissions from XX and X spectral lines need to be
spectrally resolved to fully realize their potential for photon pair generation. Figure 4a shows the low-
temperature (10 K) integrated spectrum of a single QS acquired with a one-second accumulation time using
continuous-wave (cw) 532 nm laser excitation. Until now, spectrally resolved XX and X lines from colloidal
nanoparticles have rarely been observed due to low biexciton emission efficiencies.?® The spectrum reveals

two distinct PL bands with an energy separation of 85 meV, representing the XX and X lines at 610 and



637 nm, respectively. Local electrostatic field variations often cause spectral diffusion and linewidth
fluctuations in nanocrystals,* leading to overlapping emissions and long-term instability. This has hindered
their use as stable sources of correlated photon pairs. However, Figure 4b demonstrates that QSs exhibit
stable long-term photoluminescence over several minutes, comparable to spectral stability of recently
reported InP NCs.! The stable emission confirms a relatively low density of charged states as previously

suggested by the high emission QYs.

To fully evaluate QSs for quantum cascade emission, we performed spectrally resolved photon cross
correlation measurements of g(t) between XX and X emission lines. Leveraging the large spectral
separation and long-term emission stability, we employed bandpass interference filters to isolate each
emission line, as shown in the shaded areas of Figure 4a. Figure 5(a,b) shows a scheme of the employed
HBT correlation setup with spectral separation of the XX and X lines and resulting photon correlations at
two different powers under cw 532 nm laser excitation. A clearly observed bunching signature (i.e. g%(0)>1)
is seen as a somewhat asymmetric spike at zero delay time for g?(t) function. While such bunching has
been seen in various epitaxial QD systems, it has not been observed in colloidal nanocrystals until now,

highlighting the unique capabilities of QSs in this context.



The observed bunching in our measurements can be explained by several mechanisms. First, it may be

attributed to the spectrally resolved XX-X cascade, where XX photons initiate one of the APD detectors

(“Start”), and X photons the other detector (“Stop”), creating a distinct cross-correlation.?®37-38
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Figure 5. (a) Schematics of radiative XX-X cascade and spectrally resolved correlation measurements. (b,c)
Correlation function g?(t) between spectrally isolated XX (start) and X (stop) photons at two excitation powers
(excitation wavelength 532 nm). (d,e) simulations of g?(t) function for spectrally separated XX and X emission
at two excitation rates G. (f,g) g*(t) for two values of o parameters for spectrally inseparable emission (h,i)
simulation of g?(t) for various degrees (f and fi) of emission leakage between X and XX channels at two different
excitation power levels G.

Alternatively, this bunching could be the result of spectral diffusion, caused by random fluctuations in the
spectral line due to environmental changes, leading to variations in photon emission timing.**** However,
recent studies on II-VI systems, specifically those with well-controlled CdSe—CdS and facet-ligand
interfaces, have demonstrated that spectral diffusion can be significantly reduced, with variations kept
below 110 peV observed over hours-long periods.*! This suggests that, in well-engineered systems, spectral
diffusion is less likely to be the primary cause of bunching. Yet another plausible explanation is the
existence of spectrally unresolved lines, which contribute to a broadband background that underlies both

XX and X lines.

To clarify the observed photon correlations in a XX-X system under continuous wave 532 nm laser
excitation, we perform numerical simulation of the g?(t) functions. Using a three-level rate equation model
with XX, X, and ground states, we examined the effects of spectral separation and imperfect filtering on
the g*(t) function. Such a three-level model allows for the analytical solution as presented in Suppl.

Information section, with n; (t), n; (t) and ny (t) corresponding to time-evolution of the population of each



state accordingly. In the model, we assumed that XX (X) decay rates k; (k;) are related as k>=4k;, and the
photogeneration rate G under cw excitation conditions is equal for both processes. In the small G limit, this
model reduces to one previously studied by Avanaki and Schatz [Kobra N. Avanaki and George C. Schatz,
J. Chem. Phys. 154, 024304 (2021). DOI:10.1063/5.0032648) which shows important entanglement effects

in the limit k,<k;, but the entanglement properties of the emitted photons for larger G are not known.]

The second-order correlation function between states labeled i and j is computed as g2j(t)=n'j(t)/n*;, where

[T%E1}

n'i(1) is a population of the state which involves “i” e-h pairs and where a photon will be emitted at time t
after such an emission which involves “j ”’ pairs has previously occurred. Also, #*; corresponds to the steady-
state solution of the j-state.*>* Obviously, when the same spectral line is monitored on the both channels
(=), this equation turns into the second-order antibunching function. Additionally, we correct for non-ideal
spectral separation of photons into each detector channel, either due to imperfect filters that allow cross-

leakage of photons or due to existence of other XX (X)-like emission lines unaccounted for in the spectra.

When XX and X photons are fully spectrally separated using perfect filters and detected in the appropriate
channels—where the Start signal is from XX photons and the Stop signal is from X photons—the g2(t)
function typically displays a “butterfly”-like bunching signature. This pattern corresponds to cascaded
emission, as demonstrated in Figure 5(d,e).** The amplitude of this bunching signature decreases at
higher excitation powers, a behavior that aligns with our simulation results.*> Although our experimental
data exhibit a similar power dependence, the graphs in Figure 5(b,c) do not show the expected butterfly-

like behavior of the g*(t) function.

A crossover from asymmetric “butterfly” bunching to symmetric “spike” like behavior has been previously
seen in epitaxial QD systems with unusually broad XX and X emission lines.*® This occurs when all photons
reach each detector, meaning the (XX+X) signal is detected without spectral filtering. In such cases, the
recorded g*(t) function is essentially a sum of all possible correlations, represented as g*(t) = X(g%i(t)) for
i=1,2 and j=1,2, where XX is denoted as "2" and X as "1". This summation includes contributions from
pure antibunching terms g1 (t) and g% (1), which range between 0 and 1, as well as cross-correlation terms
g1 (1) and g%12 (1), which exhibit large bunching components at small delay times t. We can define a
proportion of each of the individual contributions as: g*(t)=ag%1 (t)+Bg%12 (1)+yg? (1)+8g%: (1), where
a, B, v, 0 are “generation” parameters that vary from 0 to 1 and o+p+y+0=1, see Suppl. Information for full

1.47

description of the model.*” These parameters would be related to steady-state populations of X and XX

[3:E]

states at a given pump rate G and the corresponding probabilities to detect a photon from an “7” state once

the emission from “;” has occurred.



For small o values, the g(t) function is mainly influenced by antibunching terms, resulting in a symmetric
function that dips below value of 1. As a increases, the function shifts to a symmetric “spike”-like bunching
signature. Our simulation data in Figure 5(f, g) confirm this behavior, showing that the g?(t) function is
dominated by antibunching for small o and transitions to symmetric bunching for larger a. This crossover
is highly dependent on the exact set of generation parameters, which are a function of the pumping power,
as detailed in Supplementary Information Figure Sxx. Regardless of the parameter set, the g2(t) signature

remains symmetric, highlighting the robustness of this behavior across different conditions.

In reality, neither of the idealized scenarios fully explains the observed bunching behavior. While the XX
and X lines in the spectra (Figure 4) appear sufficiently separated, the X line does leak into the XX detection
channel, as indicated by fitting of the emission lines. More critically, both lines sit atop a much broader
"pedestal" background emission that contributes to both channels. The exact origin of this background is
unclear, but it is likely due to unresolved emission lines such as charge excitons (trions) or higher-order
biexcitons, including 1S.-2S, transitions. This is supported by spectra taken at higher power (Figure 4c),
which show the emergence of additional emission lines between X and XX, affecting both detector

channels.

To account for these complexities, we introduced filter transmission parameters into our model to simulate
partial leakage of the signal across channels. By keeping other parameters constant and varying these filter
transmission parameters to represent the cross-leakage of X-like emission into the XX detection channel
and vice versa, we were able to closely replicate the appearance of the asymmetric-spike like bunching
features and their dependence on pump power, Figure 5(h,i). This approach demonstrates that the observed
bunching behavior can be accurately modeled by considering the leakage and background contributions,

providing a more comprehensive understanding of the photon correlation dynamics in our system.

The above considerations qualitatively explain the general features of the observed XX-X correlations.
Despite the visual separation of the XX and X lines, their mutual cross-correlation exhibits atypical
bunching. This behavior, while still indicative of the XX-X cascade, suggests that other emission lines are
also contributing to the detection channels. At low temperatures, colloidal QDs often exhibit enhanced
charging rates due to mechanisms like surface charge trapping or Auger ionization, which lead to charged
exciton emission. The dynamic trapping and de-trapping of these additional charges within a QD cause
rapid switching between biexciton-exciton and charged exciton emissions. This rapid switching introduces
additional complexity to the emission spectra, contributing to the observed bunching in the cross-correlation
data. Therefore, while the XX-X cascade is a primary factor, the presence of charge excitons and other

emission lines must be considered to fully understand the photon correlation dynamics.



In conclusion, we demonstrate that biexciton-exciton cascade decay in colloidal semiconductor quantum
shells can yield spectrally distinct and temporally stable photon pairs. This unique capability has enabled
the observation of X and XX bunching behavior, a phenomenon not previously seen in colloidal QDs. Low-
temperature single-particle measurements have confirmed the temporal correlation between X and XX
photons, indicative of biexciton cascade relaxation. Our theoretical analysis, supported by a three-level
system model, shows that the photon statistics of the cascade can transition from an asymmetric "butterfly"
to a symmetric "spike" behavior depending on the degree of cross-leakage. These findings highlight the
significance of unresolved emission lines and background contributions, enhancing our understanding of
multiphoton emission events and reinforcing the potential of QSs as promising candidates for quantum
emitters in quantum information processing. Overall, the ability to reliably produce and manipulate photon
pairs or employ spectrall filtering to achieve single-photon emission highlights the potential of quantum

shells as quantum light sources.
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