
High-quality single photons from cavity-enhanced biexciton-to-exciton transition

Nils Heinisch ,1,2 Francesco Salusti ,1,2 Mark R. Hogg ,3 Timon L. Baltisberger ,3 Malwina A. Marczak,3

Sascha R. Valentin,4 Arne Ludwig ,4 Klaus D. Jöns,1,2 Richard J. Warburton,3 and Stefan Schumacher 1,2,5,*

1Department of Physics and Center for Optoelectronics and Photonics Paderborn (CeOPP),
Paderborn University, Warburger Strasse 100, 33098, Paderborn, Germany

2Institute for Photonic Quantum Systems (PhoQS), Paderborn University, 33098, Paderborn, Germany
3Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland

4Faculty of Physics and Astronomy, Experimental Physics VI, Ruhr University Bochum,
Universitätsstrasse 150, 44801, Bochum, Germany

5Wyant College of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA

(Received 20 February 2026; revised 22 June 2026; accepted 18 August 2026; published 29 September 2026)

Resonant laser excitation of a two-level system with subsequent single-photon emission can be used to
generate single photons with high indistinguishability or Hong-Ou-Mandel (HOM) visibility. However,
spectral overlap between the excitation laser and emitted photons generally poses significant challenges.
Furthermore, emitter reexcitation intrinsically limits achievable single-photon purity. Established solu-
tions mitigate these issues at significant cost to source efficiency and with increased source complexity.
This motivates the use of few-level systems with spectral separation of excitation and emission pathways.
One option is a three-level cascade. However, without targeted lifetime engineering of emitting states, the
cascade naturally limits achievable photon indistinguishability. Here we study a semiconductor quantum
dot with resonant and selective cavity enhancement of the biexciton-to-exciton transition. Following
resonant two-photon excitation of the biexciton state, we collect the emitted single photon with the cavity.
This approach circumvents emitter reexcitation and naturally introduces spectral separation between
the excitation laser and emitted single photon. Supported by experimental results, we theoretically
demonstrate that with selective Purcell enhancement, the observed quality quantifiers of single-photon
emission (purity, equivalently gð2Þð0Þ, and HOM visibility V, equivalently indistinguishability) are
competitive with respect to high-quality deterministic quantum-dot single-photon sources. This is already
achieved without systematic optimization or targeted system engineering, which firmly places the reported
approach as a viable route to the next generation of highest-quality quantum-dot-based deterministic
single-photon sources.

DOI: 10.1103/78c9-j817

I. INTRODUCTION

Semiconductor quantum dots (QDs) have garnered
significant interest as deterministic sources of single
photons, showing great promise for quantum information
processing [1–6]. Despite substantial progress, the effi-
cient generation and extraction of high-quality photons—
crucial for practical applications—remains a challenge
[1,7–13]. Various excitation and extraction strategies have
been proposed and explored [14–31], yet each introduces
its own set of limitations [8–10,32–36].

Two major difficulties remain that a practical single-
photon source must overcome. First, the source must gene-
rate highly indistinguishable photons (i.e., photons with
high Hong-Ou-Mandel (HOM) visibility) and simultane-
ously must emit precisely one photon per excitation cycle
(i.e., unity single-photon purity). In the simplest excitation-
emission scheme based on resonant excitation of a two-level
emitter, single-photon purity is diminished by emitter re-
excitation, especially for resonant excitation in combination
with cavity enhancement of the same transition [33–37].
Second, the highly indistinguishable single photons must
be separated from the excitation pulse. However, many
schemes use the same optical mode for excitation and
single-photon emission. As a result, either the quality of the
single photons is reduced, or single-photon extraction is
only possible at the expense of overall reduced photon out-
put [31]. Significant progress in this regard has been made
using advanced resonant excitation-emission approaches
[5], including asymmetric and elliptical cavities [38,39].
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Onewidely used approach to overcome these limitations
in semiconductor quantum-dot systems involves initiating
the photon generation from a biexciton (XX) state rather
than from an exciton (X) state, thereby exploiting a
cascaded transition for single-photon emission [40].
This configuration enables a clear separation—both spec-
trally and in polarization—between the generated photons
and the laser while avoiding reexcitation [41], even for
straightforward excitation techniques such as resonant
two-photon excitation (TPE) [42]. However, challenges
remain, particularly concerning the XX-X lifetime ratio,
which reduces the achievable Hong-Ou-Mandel visibility
and equivalently photon indistinguishability [40,43].
Common strategies to mitigate this issue generate single
photons via the exciton-ground (X-G) state transition,
enhancing the XX-X transition using external stimulants
such as lasers or cavities [10,20,44–49]. However, photons
emitted from the exciton may be affected by this inter-
mediate step (e.g., by an increased time frame over which
detrimental influences such as dephasing can act)
[46,47,50] and require an optical cavity on the X-G
transition for high quality [49].
In the present work, we propose to avoid this complica-

tion from the outset by directly harnessing the single photon
emitted from the cavity-enhanced XX-X transition as
illustrated in Fig. 1(a). By using a spectrally narrow cavity
on the XX-X transition [10,20], we selectively extract
photons from the Purcell-enhanced XX-X transition
[46,50,51], while suppressing emissions from the X-G
transition into the cavity mode. We present a detailed
theoretical exploration of this setup for single-photon
generation,which also includes an experimental verification

of single-photon generation from the biexciton, showing
simultaneously high values of photon indistinguishability
and single-photon purity, without the need for any signal
postprocessing. Significantly, this is achieved with a device
that was not designed for this purpose and did not undergo
specific performance optimization.
The present paper is organized as follows. We begin

with an overview of the QD-cavity model under consid-
eration, followed by a detailed introduction of our photon-
generation scheme. Subsequently, we identify QD-cavity
parameter regimes that lead to the generation of high-
quality single photons, here assuming a preexcited QD.
Next, we demonstrate the resilience of our approach to
resonant two-photon biexciton excitation. As a benchmark
for the theoretical analysis, we show good agreement of
our findings with our recent experimental realization [50]
for a specific set of cavity and quantum-dot parameters.
Finally, we also comment on the integrability into on-chip
devices and briefly explore the present setup for generation
of indistinguishable polarization-entangled photon pairs.
In the appendixes, we include further analysis of results,
details of system modeling, and derive essential theoretical
foundations.

II. QUANTUM-DOT-CAVITY SYSTEM

We model the lowest electronic excitations of a semi-
conductor QD as a four-level system [34,51], as illustrated
in Fig. 1(a). This model employs typical parameters (as
given below) for high-quality InGaAs QDs, which are
chosen to resemble the experimental conditions, with
details given in Ref. [50]. In the present calculations,

(a) (b) (c)

FIG. 1. (a) Schematics of quantum-dot-cavity system for single-photon generation from biexciton. Considered electronic states are
the ground state, jGi, two exciton states, jXHi and jXVi, and biexciton state, jXXi, with biexciton binding energy Ebind. Electronic
transitions couple to linearly polarized cavity modes with angular frequencies ωH and ωV. The (bi)exciton decays with rate 1=τX
(1=τXX), which is the inverse of its lifetime. Single-photon generation occurs in the H-polarization channel with the H-cavity mode
tuned to the XX-XH transition. The V-cavity mode (not shown) is spectrally detuned to favor emission into the H-cavity mode. In our
simulations, biexciton initialization with TPE proceeds via the V-polarization channel. Energy differences shown are not to scale.
(b) Calculated cavity emission spectrum for Ebind ¼ 2.9 meV and T ¼ 4.2 K, normalized to the main cavity peak. The inset shows the
side peak at XH-G transition frequency. (c) Achievable photon indistinguishability for different biexciton-exciton lifetime ratios for an
ideal three-level model [Eq. (C1), adapted from Refs. [40,43]. This result also applies to our Purcell-enhanced case, as explicitly
derived in Appendixes C and D, and to the experimental situation with a tunable cavity [50], as further detailed in Appendix D. The
black cross marks the lifetime ratio for the naturally decaying QD and the orange cross for the Purcell-enhanced XX-X transition for the
parameters of the present paper.
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not all system parameters were systematically optimized to
this end; rather, design strategies for the future are explored.
Phonon-related parameters are taken from Refs. [7,52].
Respective parameters for phonon-mediated interactions
correspond to a spherical isotropic approximation of the
pancake-shaped QD as in Ref. [53]. This approximation
appears to be a reasonable assumption for the purposes of
this work. Parameters for pure dephasing are included for
demonstration purposes, but overestimate such effects for
our present experiments [50] (see discussions below). We
note that the specific choice of system parameters does not
affect the primary results and conclusions.
We include the electronic ground state jGi, two orthogo-

nal exciton states jXHi and jXVi, and the biexciton state
jXXi. The energies of the Xi, i ¼ H;V, are given by
EXH;V

¼ EX � Efss
2
, with EX ¼ 1.3445 eV and fine structure

splitting Efss ¼ 10.8 μeV. We note that the exact choice of
fine structure splitting only has minimal impact on our
single-photon emission results (using only the H-polariza-
tion channel for emission; see next paragraph for details).
The energy of the biexciton, EXX ¼ 2EX − Ebind, is set by
its binding energy Ebind ¼ 2.9 meV (unless specified
otherwise).
The electronic transitions are coupled to their respective

orthogonal linearly polarized cavity modes with angular
frequencies ωi, i ¼ H;V. Here, we assume perfect align-
ment between the respective polarizations of the QD-
transition dipoles and the cavity modes (which is fulfilled
to a good approximation in the experimental realization
in Ref. [50]). The coupling constant of electronic tran-
sitions to cavity modes is ℏg ¼ 20.8 μeV, and the photon
loss is given by ℏκ ¼ 4.97 × ℏg ≈ 103.4 μeV, unless
stated otherwise. The cavity modes are symmetrically de-
tuned from the central frequency ωcav-centr ¼ 1

2
ðωH þ ωVÞ

with a frequency difference of ℏωcav-split ¼ ℏðωV − ωHÞ ¼
206.8 μeV. The H-polarized cavity mode is adjusted with
the XX binding energy, always ensuring resonance with
the XX-XH transition. Based on our system parameters
chosen in accordance with the experiment, we use a cavity
Q-factor of 12 975. The frequency of the V-polarized
cavity mode is determined by the cavity mode splitting
as given above. Additionally, the QD is coupled to a
classical light field with V polarization and sufficient
detuning from the cavity mode for external coherent
optical driving with pulse area Ω0. In our experiment, a
highly efficient device is used. As further detailed in
Ref. [50], we observe a Purcell enhancement of FP ≈ 6.1
for enhancing the XX, and therefore obtain a β-factor of
β ¼ FP

FPþ1
≈ 86%. The β-factor represents the probability

of—in our case—XX-photon emission into the cavity [4].
The cavity photons are coupled into the single-mode
collection fiber with a high efficiency of 69%. The
efficiencies of the subsequent optical setup used for the
measurements are provided in Ref. [50].

System time evolution is calculated by solving the
polaron master equation [51,54–58], which includes the
coupling of the QD to its environment (full details on
the modeling are given in Appendix B). This also entails
radiative decay into modes other than the cavity modes,
∝ γirad, i ¼ X;XX, as well as coupling to the (lattice)
environment, with pure-dephasing parameter, ∝ γdeph, and
phonon-mediated interactions with the light fields, ∝ αp.
The polaron master equation approach introduces the
temperature-dependent rescaling factor hBiT, especially
rescaling all QD-light-field couplings, i.e., g̃ ¼ g̃T ¼
hBiTg, Ω̃ ¼ Ω̃T ¼ hBiTΩ0, and hBi2Tγirad. Because we
analyze different temperatures, we need to distinguish
rescaled and bare parameters, especially of the QD-cavity
coupling. Quantities that ultimately determine the system
dynamics, i.e., the Purcell rate, but also the rates depop-
ulating the electronic states (or, inversely, their lifetimes),
refer to the rescaled parameters. Pure dephasing at finite
temperatures is included for T ¼ 4.2 K (not for T ¼ 0 K).
This additional phenomenological term captures potential
broadening of the zero-phonon line due to processes such
as charge noise or higher-order coupling, which is known
to play a role in many types of quantum-dot systems
[52,59]. We include this effect to demonstrate its potential
influence; however, we note that comparison with our
measurements shows that the system used in our present
experiments exhibits extremely low noise and transition
linewidths close to the transform limit [50]. In fact, we find
very good agreement between our experimental results and
the calculations for T ¼ 0 K, which include phonon-
mediated processes (with only pure dephasing excluded).
We note that the dynamics induced by phonon-mediated
processes change only slightly with temperature and are
not much different for T ¼ 0 K and T ¼ 4.2 K. Our
analysis shows that, at low temperatures, large XX binding
energies provide an effective means to mitigate detrimental
effects arising from phonon-induced interactions. It also
becomes apparent that temporal filtering may serve as an
additional approach to reduce phonon-related influences.
In any case, maintaining low temperatures remains crucial
to exploit the advantages of our low-noise device. Photonic
correlation functions for calculation of emission spectra
and quantum properties of generated photons are evaluated
using the quantum regression theorem (QRT) [60].

III. SINGLE PHOTONS FROM CAVITY-
ENHANCED BIEXCITON

The XX-XH transition is selectively enhanced with the
resonant H-polarized cavity mode as introduced above
[10,20,46,51]. Figure 1(a) shows an illustration of the
emission scheme, and Fig. 1(b) shows an example of a
calculated cavity emission spectrum. As highlighted in the
introduction, key to highly indistinguishable photons is a
small XX-X lifetime ratio [see Fig. 1(c)]. This originates in
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the need for separability between the XX and X photons
emitted by the XX-X cascade, as investigated in
Refs. [40,43]. There, based on Ref. [61], a fundamental
study on the lifetime-ratio dependence of the visibility
and indistinguishability is performed, but without
focusing on specific schemes for the realization of
the different XX and X lifetimes. Our extensions of
these studies show that cavity-enhancing the XX decay
in the Purcell regime (κ > g ≫ γrad) leads to replace-
ment of the natural XX lifetime with the inverse of the
Purcell decay rate 4g̃2=κ [4], as detailed in Appendix C.
Therefore, cavity-enhancing the XX can provide a
lifetime ratio for which high photon indistinguishability
is expected.
For our specific studies, we introduce the following

terms. Photons emitted by the XX into the H-cavity mode
are termed XX photons. Unless explicitly stated otherwise,
any reference to a vectorial polarization pertains to the H
channel, encompassing light modes, QD transitions, and
Xs. To minimize the influence of the XX initialization
process, in our simulations, the excitation is performed in
the perpendicular V-polarization channel [42,62], which in
the real system is eliminated in the detection by efficient
polarization and moderate spectral filtering [50]. To
maximize emission in the H mode, the V-cavity mode
is detuned as much as realistically possible; following
Ref. [4], we choose the mode splitting as introduced above,
ℏωcav-split ¼ ℏðωV − ωHÞ ¼ 206.8 μeV. Ideally, the setup
would eliminate any influence from the V-cavity mode by
employing even larger cavity mode splitting, which may
be feasible in future experiments with suitably designed
cavities. Techniques described in Ref. [63] may further
increase the mode splitting in our setup. Nonetheless, our
investigation shows that the finite cavity mode splitting
primarily influences the loss of photons into the V-
polarization channel, reducing the source efficiency (i.e.,
the emission PH) but not diminishing the quality of the
single photons of interest detected in the H mode.
Therefore, without applying further adjustments to the
setup, cavity designs that do not favor a single emission
channel (i.e., with ωcav-split ¼ 0) only allow up to 50%

source efficiency in one polarization channel.
While the cavity Purcell enhancement of the XX

emission ensures the XX-X lifetime ratio for which high
indistinguishability can be expected, it can also lead to
additional cavity photons from the X-G transition (not
included in the simplified model discussed above).
Based on their origin, we call these photons X photons.
As they compromise the single-photon character of the
output, it is crucial to suppress their emission. For
practical implementation, it is advisable to achieve this
from the outset rather than resorting to additional filter-
ing in time and/or frequency. In the following, we
explore suitable regimes of QD and cavity parameters
to accomplish this.

IV. GENERAL POTENTIAL OF THE SCHEME

To prevent X photons from being emitted into the cavity,
it is crucial to avoid resonance between the X-G transition
and the cavity. In our setup, the H cavity is resonant with
the XX-X transition, and thus the detuning between the
X-G transition and the cavity is determined by the XX
binding energy ℏΔCav;XH→G ¼ −Ebind − Efss. We begin by
examining the influence of the XX binding energy to
identify suitable QD parameters for our single-photon
emission scheme from the XX. For the XX binding energy,
we note that changing this parameter in an experiment is
not to be understood as a tunable parameter, but in general
involves different QDs showing the respective XX binding
energy. In principle, different XX binding energies may
even be realized with the same QD, as demonstrated in
Refs. [64–66]. In the present section, we assume that the
QD is initially in the XX state with an initially empty
cavity.
The quality of single photons can be characterized by

the emission PH, purity PH, and indistinguishability IH
[24,56,67] (definitions given in Appendix B). While the
emission gives the number of photons emitted by the
H-cavity mode, purity and indistinguishability quantify
the single-photon characteristics of the emission. It is
significant to note that our analysis of the quality of
photons includes all photons emitted by the H cavity, not
solely the XX photons. Depending on system parameters,
this might include residual X photons as well. In that sense,
our results give a lower bound for achievable single-
photon quality. In this way, the emission PH agrees with
source efficiencies reported in experiments (see, e.g.,
Ref. [4]) for regimes in which the purity indicates
single-photon generation. In general, additional spectral
and/or temporal filtering [1,11,67] is expected to enhance
the photon quality further; see Appendix E for details.
Figure 2 shows the results for H-cavity photon quality

for different XX binding energies. Panel (a) shows the
indistinguishability IH (green), panel (b) purity PH (red),
and panel (c) emission PH (blue). The color conventions
introduced here will be used consistently throughout
the paper. Each panel displays results for three scenarios:
T ¼ 4.2 K (solid lines), T ¼ 0 K (dashed-dotted lines),
and T ¼ 0 K without phonons (dotted lines). We further
include values with resonant TPE in the V channel (orange
stars), and results of the experimental demonstration
[purple diamonds with error bars in (a and b)] for the
specific experimentally observed XX binding energy
of 2.9 meV.
At sufficiently large absolute XX binding energies, as

expected for the scenario where only the XX-X transition
is resonant with the cavity mode, we observe emission
below unity. A maximum in emission occurs close to zero
absolute XX binding energy, where also the X-G transition
is near-resonant with the cavity mode. Both purity and
indistinguishability exhibit similar behavior, featuring dips
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at zero absolute XX binding energy where the X
emission degrades the single-photon character of the
emission. Purity nearly reaches the value for perfect
single photons at sufficiently large absolute XX binding
energies that exceed the cavity width. When phonon-
mediated QD-cavity interactions are considered, we
observe more pronounced dips (and corresponding peaks
in emission) with a pronounced asymmetry around zero
XX binding energy with a broader dip on the positive XX
binding energy side (e.g., induced by phonon emission
processes). Unlike purity, indistinguishability shows two

dips around zero XX binding energy and a slight increase
in between them, forming a small local indistinguish-
ability maximum.
The behavior of purity and emission can be explained as

follows: at larger absolute XX binding energies, the cavity
emits only XX photons. As in that case, the cavity is off-
resonant to the X-G transition; X photons are primarily
emitted through noncavity modes, leading to emission
levels below unity and near-ideal purity. This also explains
the observed high indistinguishability. The fact that indis-
tinguishability, in contrast to purity, still falls short of its
ideal value originates in the fundamental limitation
imposed by the lifetime ratio for the current QD-cavity
coupling and cavity loss. The emission below unity in the
H mode is due to XX photons being emitted into noncavity
modes and in the V mode. Near Ebind ¼ 0 meV, resonance
with the X-G transition can be clearly observed: emission
reaches a maximumwhile purity drops to a minimum. This
behavior results from additional X photons being emitted
into the cavity, which compromise the single-photon
nature and also degrade indistinguishability. The two dips
in indistinguishability arise for the following reasons: at
exact resonance, all photons share the same frequency,
resulting in slightly increased indistinguishability. At
small detunings, X photons exhibit slightly different
frequencies, leading to further decreases in indistinguish-
ability and the creation of two observable minima. The
more pronounced dips (or peaks) toward small positive XX
binding energies for T ¼ 0 K and T ¼ 4.2 K can be
attributed to the inclusion of phonon-mediated QD-cavity
interactions. A phonon bridges the energy difference
between the X and the cavity. However, phonon-mediated
cavity feeding at low temperatures occurs only when
transition energies exceed the cavity frequency (phonon
emission) [54,68]. This is because, at low temperatures,
only phonon emission occurs, while phonon absorption is
suppressed. For negative XX binding energies, the X has
less energy than the cavity, and phonon absorption would
therefore be required. Consequently, phonon-mediated
emission from the X—and thus reduced photon purity
and indistinguishability—are observed only for positive
XX binding energies. For visualization, the dark gray line
in panel (c) for T ¼ 4.2 K represents the analytic coupling
rate ΓCav;4.2 K

XH→G given in Eq. (B22), approximating phonon
interactions with a Lindbladian. The slightly more pro-
nounced effects at T ¼ 4.2 K compared with T ¼ 0 K are
due to the increase in phonon-mediated QD-cavity inter-
actions with increased temperature. The noticeable reduc-
tion in indistinguishability at T ¼ 4.2 K compared with
the other cases is explained by the additional pure
dephasing. Finally, we comment on the not entirely
symmetric behavior of the photon-quality quantifiers at
small absolute XX binding energies. This occurs for all
photon-quality quantifiers and even in the phonon-free
case and is rooted in the finite fine structure splitting,

(a)

(b)

(c)

FIG. 2. Influence of biexciton binding energy and phonons on
single-photon emission. For H-mode cavity photons, we show
(a) photon indistinguishability IH (green), (b) single-photon
purity PH (red), and (c) emission PH (blue) for T ¼ 4.2 K (solid
lines), T ¼ 0 K (dashed-dotted lines), and T ¼ 0 K without
phonon interactions (dotted lines) for initially excited biexciton
and empty cavity. To demonstrate the insensitivity of single-
photon indistinguishability and purity to resonant TPE of the
biexciton, corresponding data points are included as orange stars
for pulse length σ ¼ 5 ps and pulse areaΩ0 ¼ 5.2π at T ¼ 4.2 K
(results are insensitive to TPE pulse length; pulse parameters
given in Appendix B, Table II). Results of experimental
realization [50] are shown as purple diamonds with error bars
in (a and b). Panel (c) includes the analytical approximation for
the relevant phonon-mediated QD-cavity coupling (dark gray)
[54] for the X-G transition, ΓCav;4.2 K

XH→G (solid line), and for the

XX-X transition ΓCav;4.2 K
XX→XH

(single dot). Detuning between the
X-G transition and the cavity changes with biexciton binding
energy as ℏΔCav;XH→G ¼ −Ebind − Efss ≈ −Ebind.
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which breaks the symmetry in the detuning between the
X-G transition and the cavity.
Our results indicate that the proposed scheme, in which

the XX lifetime is selectively reduced, is capable of
generating high-quality single photons, provided that the
XX binding energy is sufficiently large. This is also
confirmed by the experimental demonstration [50], which
uses a QD with Ebind ¼ 2.9 meV. We note that the device
was not specifically designed for the purposes of the
present study; further system optimization in future studies
is possible guided by the theoretical insights obtained here.
The measured visibility V ¼ 0.94� 0.02 and gð2Þð0Þ ¼
0.023� 0.002 of the XX photon, converted into measures
used thus far, are included in Fig. 2 as purple diamonds;
details are given in Appendixes C and D. Excellent
agreement between experiment and theory is found. A
slight difference occurs for the indistinguishability in
Fig. 2(a): the measurement value is quite well reproduced
by our calculations, but for the pure-dephasing-free case of
T ¼ 0 K. The value of the case for T ¼ 4.2 K that includes
pure dephasing with 4.2 μeV is lower. This is because the
source used in our present experiment exhibits low noise
and transitions operate close to the transform limit [50].
For our in-depth theoretical analysis, we continue to
include pure dephasing, as this delivers additional insights
into the potential influence of the different processes that
may play an significant role in other physical realizations
of the proposed approach.
Having analyzed the influence of the XX binding energy

above, we now fix it at the experimental value of 2.9 meV
and continue to analyze the influence of the cavity
parameters. We focus on the case of T ¼ 4.2 K; results
for the other two cases discussed above are given in
Appendix A. Figures 3(a) and 3(b) show the results for
different QD-cavity couplings g for (a) fixed cavity loss
κ ¼ 4.97 × gjℏg¼20.8 μeV and (b) cavity loss that scales with
QD-cavity coupling as κ ¼ 4.97 × g̃T (g̃ ¼ g̃T ¼ hBiTg).
In Fig. 3(c), we fix the QD-cavity coupling
(ℏg ¼ 20.8 μeV) and show the results for different cavity
losses κ. Similar trends can be observed for the photon
emission. Increasing g (decreasing κ) increases the gen-
eration of photons in the cavity and thereby the emission.
In the weak coupling limit of the Purcell regime, this is
directly explained by the Purcell decay rate 4g̃2=κ. For
stronger QD-cavity coupling, X photons that are emitted
into the cavity lead to a further increase in the emission.
This holds true for the X photons emitted off-resonantly
into the cavity but more significantly also for the photons
generated by phonon-mediated cavity feeding. While
resonant QD-cavity coupling scales with g (for the XX
photons), phonon-mediated cavity feeding scales with g2;
see Eq. (B22). The increasing number of X photons
emitted into the cavity immediately explains the visible
decrease in purity for larger QD-cavity coupling. In
contrast to that, the purity decreases very slightly with

larger cavity losses [almost constant with only a 1%
change for the parameter range shown; see Fig. 3(c)].
This can be explained by the broader cavity resonance,
which increases the off-resonant emission of X photons
into the cavity, while phonon-mediated QD-cavity cou-
pling does not change as g is constant. Finally, the
indistinguishability reaches a maximum and then
decreases when further increasing g or κ [see Figs. 3(a)
and 3(b)]. Therefore, the indistinguishability shows similar
behavior as the purity for larger g, which is explained
analogously. However, while the purity converges toward
unity for smaller probability of X-photon emission into the
cavity (low g or κ), the indistinguishability decreases after
reaching its maximum. For decreasing g, this has two
reasons. Decreasing g decreases the Purcell rate and
thereby increases the XX-X lifetime ratio. Therefore,
the maximally achievable indistinguishability is reduced.
If pure dephasing is included, as in Fig. 3, this further

(a)

(b)

(c)

FIG. 3. Influence of QD-cavity coupling and cavity loss on
single-photon emission. Shown are photon indistinguishability
IH (green), single-photon purity PH (red), and emission PH
(blue) at T ¼ 4.2 K and Ebind ¼ 2.9 meV. (a and b) Influence of
QD-cavity coupling for (a) fixed cavity loss κ ¼ 4.97 × gjℏg ¼
20.8 μeV and (b) cavity loss that scales with QD-cavity coupling
as κ ¼ 4.97 × g̃T (g̃ ¼ g̃T ¼ hBiTg). (c) Influence of cavity loss
for fixed QD-cavity coupling ℏg ¼ 20.8 μeV. Results shown are
for an initially excited biexciton and empty cavity. Correspond-
ing results for T ¼ 0 K are given in Appendix A.
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decreases the indistinguishability. For fixed pure dephas-
ing, this becomes more relevant for smaller g as the QD
decays more slowly so that pure dephasing has more
impact. Finally, compared with the stronger sensitivity to
the QD-cavity coupling g, cavity loss has a relatively
minor influence on photon-quality measures, particularly
regarding the single-photon character [see Fig. 3(c)].
Finally, the radiative decay rate of the X into noncavity

modes, γXrad, also influences the XX-X lifetime ratio and,
consequently, the maximal achievable visibility [see
Eq. (C2)]. Similar to the QD-cavity coupling g, the natural
X lifetime, 1=γXrad, determines the cavity feeding through
the X; while g determines the phonon-mediated QD-cavity
coupling rate [see, e.g., the analytical approximation in
Eq. (B22)], the natural X lifetime largely defines the
timescale over which phonon-mediated QD-cavity inter-
actions can occur. Therefore, increasing either 1=γXrad or g
enhances X-photon emission into the cavity and thus
increases gð2Þð0Þ. As a result, both indistinguishability
and purity would decrease. Since the value of g used in the
experiment already lies in the optimal range, it is not
surprising that γXrad does as well. As discussed, this is
because the natural X lifetime determines the XX-X
lifetime ratio and thus the maximum achievable visibility,
while also influencing the cavity feeding through the X in a
manner similar to g.
In summary, we clearly identify parameter regimes

where cavity-induced selective lifetime reduction of the
XX state leads to high-quality single photons emitted from
the XX state, including an experimental demonstration for
one specific parameter set in an existing device.
Next, we discuss the cavity emission spectra generated

by our scheme. Figure 1(b) shows an example of a cavity
emission spectrum for T ¼ 4.2 K. A pronounced peak is
observed at the cavity frequency, with a distinct smaller
peak appearing at the X-G transition frequency. Note that
we show the emission spectrum of the cavity, not of the
QD. Therefore, only QD emission into the cavity mode is
included. Apart from cavity resonant emission of the XX
photons, this includes phonon-mediated photons emitted
into the cavity mode (phonon-mediated cavity feeding)
and X photons emitted off-resonantly into the cavity. The
separation between the cavity and X peaks suggests that
spectral filtering [1,11,67] at the cavity frequency can be
used to improve photon quality (as shown in Appendix E).
Thereby, one source of reduced single-photon purity (and
therefore also indistinguishability) of the cavity emission
is eliminated. For elimination of X photons emitted via
phonon-mediated cavity feeding, temporal filtering may be
a viable solution. This is supported by the time-resolved
spectral analysis of the emission (see Appendix E, Fig. 8),
indicating that the X photons are emitted on much longer
time scales (a few hundred picoseconds). The XX photons
are emitted after tens of picoseconds, indicating that these
photons can be separated in time from the major part of the

photons emitted from the X. Ideally, both filtering mech-
anisms are used in moderation only to leave the crucial part
of the emission (the XX-cavity photons) intact.
Particularly at higher temperatures, temporal filtering is
expected to become increasingly helpful. With increasing
temperature, phonon influences increase and become
relevant for a broader range of XX binding energies
[54]. Consequently, the temporal separation between
XX- and X-photon emission may remain the only means
to preserve as much of the single-photon character as
possible of the emission. Spectral filtering cannot alleviate
the physical limit set for the indistinguishability by the
X-XX lifetime ratio, nor eliminate the pure dephasing.
To quantify the potential performance of our single-

photon-generation scheme and for comparison with other
single-photon sources, we report here the relevant perfor-
mance quantifiers. For XX binding energy Ebind ¼ 5 meV
at T ¼ 0 K with moderate spectral filtering (filter band-
width μS ¼ κ), we obtain gð2Þð0Þ ¼ 0.0041 and V ¼
0.9607 (parameters as in our present experiment, only
XX binding energy is slightly higher). This is the highest
value we observe in our current simulations, and it is
obtained without any optimization of QD-cavity coupling
or cavity loss. The case T ¼ 0 K is chosen here for this
initial benchmarking as it appears to best approximate the
present experiment (see Figs. 2 and 7) with low noise and
transitions close to the transform limit [50]. By further
applying temporal filtering after XX-photon emission and
optimizing the QD-cavity coupling, we obtain gð2Þð0Þ ¼
0.0037 and V ¼ 0.9893 for g ¼ 40 μeV in combination
with the broader spectral filter μS ¼ 10κ (still for Ebind ¼
5 meV at T ¼ 0 K). The broader filter is chosen in this
case because it preserves the emission (P ¼ 0.8440), while
gð2Þð0Þ and V remain nearly the same as with the narrower
filter. The data for the performance quantifiers discussed in
this paragraph are summarized in Table I.
Next, we briefly compare our results with other (single-)

photon sources. In Ref. [69], both transitions are enhanced
in a bullseye cavity. Here, our scheme of selectively
enhancing only the XX-X transition has an advantage
as it optimizes single-photon indistinguishability. In
Ref. [47], X photons are extracted after laser stimulation
of the XX-X transition. While appropriately tailored
stimulation pulses can readily achieve nearly vanishing
gð2Þð0Þ, mitigating pure dephasing is more critical than in
our scheme: the natural radiative decay of the X experi-
ences stronger pure dephasing due to its longer time scale
compared with the Purcell-enhanced XX decay in our
approach. Introducing weak Purcell enhancement for X-
photon extraction, as demonstrated in Ref. [48], may help
alleviate pure dephasing. However, this would come at the
expense of the previously optimized lifetime ratio and the
system’s overall simplicity. Compared with resonantly
excited single-photon sources [1,2,4–6], our scheme
exploits the advantage of a three-level system, and we

HIGH-QUALITY SINGLE PHOTONS … PHYS. REV. APPLIED 26, 034068 (2026)

034068-7



demonstrate that the achievable gð2Þð0Þ and the simulta-
neously efficient photon extraction can compete with those
sources. The HOM visibilities obtained with our approach
will benefit from further parameter optimization, with our
theoretical calculations guiding this process for the future.
Overall, our scheme possesses clear advantages that lie

in its simplicity and the absence of any need for aggressive
emission postprocessing. With targeted device optimiza-
tion, this approach may ultimately outperform existing
sources.

V. PERFORMANCE WITH TWO-PHOTON
EXCITATION

After having demonstrated that our scheme yields high-
quality single photons, we continue by investigating the
influence of the XX excitation process. The optical XX
initialization can affect photon generation and the quality
of generated photons [23,34,37]. Here, these effects can be
minimized by XX excitation with a V-polarized laser
polarized perpendicular to the H-cavity mode [42,62],
as used in our simulations. For different excitation polar-
izations, spectral filtering can be used to further improve
the single-photon character (see Appendix E). However,
since this would disallow direct comparison with previ-
ously presented results (unfiltered), we continue with
perpendicular polarizations for XX initialization and
photon generation. Furthermore, the polarization-distin-
guishing configuration also leads to single-photon gen-
eration in the H mode without any photon number
coherence [44] (not shown, but verified numerically).
Given that resonant TPE is a relatively easy-to-implement
and widely used XX excitation method [42], it serves as a
suitable candidate to test our single-photon-generation
scheme.

We observe that the single-photon character of the H-
polarized cavity photons is largely unaffected by TPE in
the V mode. We checked this explicitly for various pulse
lengths for the XX binding energy of our experiment
(2.9 meV) and as well for smaller and larger XX binding
energies. Required pulse areas were determined through
parameter sweeps leading to perfect XX initialization in
the loss-free case; resulting pulse parameters for Ebind ¼
2.9 meV are given in Appendix B, Table II. We note here
explicitly that the pulse areas, i.e., the pulse area stated
below, must be divided by hBiT to compensate for the
rescaling in the polaron master equation. For sufficiently
large XX binding energies, we observe nearly the same
high single-photon quality as for the initially excited XX
discussed above; see results in Fig. 2 for pulse length
σ ¼ 5 ps and pulse area Ω0 ¼ 5.2π. The robustness of the
single-photon character can be attributed to the use of
perpendicular polarization channels for QD excitation and
photon generation [4]. The observed emission is typically
five to ten percent lower than that of the initially excited
XX, which is mostly due to the imperfect initialization of
the XX through TPE in the presence of losses.
The situation changes qualitatively for negative XX

binding energies. The analysis in the present paper, i.e.,
Fig. 2, has shown that phonon-mediated X-photon emis-
sion into the cavity is negligible for negative XX binding
energies. Consequently, making use of an antibinding XX,
the single-photon character is much less degraded than for
positive XX binding energies. However, for negative XX
binding energies, phonon-mediated processes during biex-
citon excitation become significant [70] such that XX
initialization is not ideal: the XV state becomes signifi-
cantly populated. While this largely does not affect the
single-photon character of the cavity emission (in terms of
purity and indistinguishability), it substantially reduces the
overall source efficiency in terms of the emission PH. We
tested this explicitly for σ ¼ 5 ps π excitation in both the
binding and antibinding cases of the experimentally used
XX binding energy, �2.9 meV (pulse areas Ω0 ¼ 5.2π),
and for Ebind ¼ �2 meV (pulse areas Ω0 ¼ 4.5π). The
smaller XX binding energy is included here as it represents
the lowest value for which the single-photon character
remains largely unaffected by X emission in the phonon-
free case. Results are for 0 K. For �2.9 meV, we observe
PH ≈ 76.7% (bound XX) and PH ≈ 46.9% (antibinding
XX). For �2 meV, we observe PH ≈ 79.6% (bound XX)
and PH ≈ 50.9% (antibinding XX). As seen in Fig. 2(c),
the emissions PH for the initially excited XXs are roughly
80%. Therefore, under TPE, emissions comparable to
those of initially excited XXs are nearly reached for bound
XXs, but not for antibinding XXs. However, this might be
overcome with other excitation methods [23,71].
Finally, we note that because of the observed robustness

of our single-photon-generation method, it can also be
successfully combined with other coherent excitation

TABLE I. Summary and comparison of single-photon-quality
quantifiers achieved using the cavity-enhanced biexciton-exciton
transition for selected conditions (system config.), i.e., for
different biexciton binding energies Ebind, filter techniques
(spectr. and temp. filtering, referring to spectral and temporal
filtering), and QD-cavity couplings g. Given are the experimental
measurement (exp.), the corresponding numerical simulation
(sim. exp.)—both not specifically optimized—and two simula-
tions for near-optimal situations (Ebind opt. and Ebind, g opt.).
Theoretical results included are for T ¼ 0 K (including phonon
interactions), which show the best agreement with the exper-
imental data of our low-noise device.

System
config.

Spectr.
filtering

Temp.
filtering

Ebind

(meV)
g

ðμeVÞ
V
ð%Þ

gð2Þð0Þ
ð%Þ

Exp. Yes No 2.9 20.8 94 2.3
Sim. exp. μS ¼ 10κ No 2.9 20.8 93.93 2.13
Ebind opt. μS ¼ κ No 5 20.8 96.07 0.41
Ebind, g opt. μS ¼ 10κ Yes 5 40 98.93 0.37
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methods in the opposite polarization channel, e.g., the
SUPER scheme, which is expected to eliminate the
observed reduction in the emission [37] but may induce
additional noise, or with rapid adiabatic passage [72]. The
aspects discussed that cause emission below unity in our
scheme are not rooted in fundamental limits of the approach
but can be removed by further optimization. The intrinsic
problems that plague resonant single-photon generation
from two-level systems—namely, quantum-emitter reexci-
tation and difficult (spectral) separation of excitation laser
from generated single photons [31,33–37]—play no role in
our approach.

VI. ENTANGLED PHOTON PAIRS

In this section, as an aside, we briefly explore the
potential of our setup to produce high-quality indistin-
guishable polarization-entangled photon pairs. In addition
to the XX photons, this also requires a high indistinguish-
ability for the X photons. Following our investigations in
Appendixes C and D, our scheme is expected to be capable
of generating such photons. We refer to Fig. 1(c), which
applies not only to photons from the XX but also to
photons from the X. Initial calculations for the phonon-
free scenario (with indistinguishability of about 98%),
along with experimental results [50], confirm this. The
other requirement is high polarization entanglement,
which can be measured by the concurrence C [73–77]
(definition given in Appendix B). However, our initial
calculations at 0 K without taking phonon interactions into
account reveal that our current setup does not support this
(C ¼ 0.13). This is because of the which-path information
introduced by our setup, which is designed to separate
QD excitation and photon emission. Favoring high emis-
sion in the H mode, the V-cavity mode is detuned in fre-
quency. Therefore, entanglement is spoiled [74,76,78,79].
Nevertheless, with adjustments that eliminate the polari-
zation splittings (zero cavity mode splitting and zero fine
structure splitting), we observe perfect entanglement
with C ¼ 1. Consequently, the generation of high-quality
entangled photon pairs, with simultaneously high indis-
tinguishability, is feasible with minor adjustments to our
setup. Investigations on that using a bullseye cavity and
TPE were done, for example, in Ref. [69]. However, QD
excitation might necessitate more complex excitation
methods [23,37,71] or filtering, as TPE is known to
undermine entanglement [37,79].

VII. CONCLUSIONS

We have proposed and demonstrated a scheme for
generating high-quality single photons from the cavity-
enhanced biexciton-to-exciton transition in a semiconduc-
tor quantum dot. By design, this approach eliminates
emitter reexcitation (optimizing single-photon purity)
and enables straightforward separation of emitted photons

from the excitation laser. Through combined theoretical
analysis and experimental verification on a quantum dot
inside a high-quality open microcavity, we report single
photons with high indistinguishability, overcoming the
limitations set by the intrinsic biexciton-exciton life-
time ratio.
With resonant two-photon excitation, the best perfor-

mance is achieved when biexciton initialization and
photon generation occur in orthogonal polarization chan-
nels. Guided by the system parameters of the quantum-dot-
cavity system used in our experiments, with sufficiently
large biexciton binding energy and very moderate spectral
filtering applied, gð2Þð0Þ ¼ 0.0041 and V ¼ 96.07% are
readily achieved. In our present experiments with a device
that has not been specifically engineered as a biexciton-
based single-photon source, gð2Þð0Þ ¼ 0.023� 0.002 and
V ¼ 94� 2% are achieved with emission detected as is
(no postprocessing).
Our approach effectively resolves both reexcitation and

photon-extraction challenges, with future targeted engi-
neering potentially leading to a deterministic single-pho-
ton source outperforming conventional resonant excitation
schemes. Instructions for realizing a single-photon source
based on the cavity-enhanced biexciton-exciton transition
can be summarized as follows: large biexciton binding
energies are beneficial to ensure spectral separation
between the cascaded transitions. In addition, both tem-
poral and spectral filtering can be applied. Together, these
measures suppress phonon-mediated exciton emission into
the cavity while allowing efficient extraction of biexciton
single photons. The quantum-dot-cavity coupling, as well
as the natural exciton lifetime, must be considered for
lifetime-ratio engineering to achieve high visibilities (both
also influence phonon-mediated quantum-dot-cavity cou-
pling). The cavity loss has only a minor impact. Two-
photon excitation and single-photon generation should be
performed in perpendicular polarizations to avoid mutual
interference.

VIII. OUTLOOK

In this section, we outline how, based on the results
presented in the present study, a single-photon source can
be realized that is capable of outperforming conventional
resonantly driven single-photon sources. Furthermore, we
discuss potential future applications, such as on-chip
implementations. Emphasis should be placed on reducing
cavity loss κ and, more critically, on further suppressing
exciton decay (including exciton-photon emission into the
cavity). Both would further decrease the biexciton-exciton
lifetime ratio, thereby enhancing single-photon visibility.
In addition to employing large biexciton binding energies
and spectral filtering, temporal filtering of the rapidly
emitted cavity-enhanced single photons is recommended.
Furthermore, switching from InGaAs to GaAs quantum-
dot systems is expected to further enhance photon quality

HIGH-QUALITY SINGLE PHOTONS … PHYS. REV. APPLIED 26, 034068 (2026)

034068-9



by reducing phonon interactions and offering larger
biexciton binding energies [69,80–82].
For applications, implementing the proposed photon-

generation scheme on a chip is of particular interest [83–
86]. The primary requirement for the implementation
remains to imbalance the biexciton-exciton lifetime ratio.
This can be done with open microcavities, but also with
micropillars, bulls-eye devices, or possibly also with on-
chip waveguides.
While putting the finishing touches to the present

manuscript, another experimental demonstration of cav-
ity-enabled lifetime engineering in the biexciton-exciton
cascade was reported for telecommunication wavelengths
[46], further underlining the importance of our in-depth
analysis of the presented approach.
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APPENDIX A: RESULTS FOR DIFFERENT
TEMPERATURES

In this section, we compare the results of our numerical
investigations on single-photon qualities across different
temperatures and phonon influences. This complements
the findings presented in Fig. 3 regarding the cases of
T ¼ 0 K with and without phonon interactions. Again, we
present results for the binding energy Ebind ¼ 2.9 meV.
For our investigations into different parameters, we follow
the same order as in the main text. First, we examine the

influence of the QD-cavity coupling g. Figure 4 shows
results for fixed cavity loss, while Fig. 5 presents results
where the cavity loss κ is scaled with g: κ ¼ 4.97 × g̃. After
that, we explore the influence of cavity loss κ in Fig. 6. The
figures are organized similarly to Fig. 2. Hence, panel (a)
shows indistinguishability IH in green, panel (b) purity PH
in red, and panel (c) emission PH in blue. Each panel
depicts results for three temperature scenarios: T ¼ 4.2 K
(solid lines), T ¼ 0 K (dashed-dotted lines), and T ¼ 0 K
without phonon interactions (dotted lines). Results of
the experimental realization [50] are shown as purple

(a)

(b)

(c)

FIG. 4. Influence of QD-cavity coupling on single-photon
emission for different temperatures and phonon models for fixed
cavity loss. Presented is an extended and rearranged version of
Fig. 3(a). Shown are (a) indistinguishability IH (green), (b) purity
PH (red), and (c) emission PH (blue) at T ¼ 4.2 K (solid lines),
T ¼ 0 K (dashed-dotted lines), and T ¼ 0 K without phonons
(dotted lines) for Ebind ¼ 2.9 meV. Panel (a) includes the
analytical approximation of the indistinguishability I0 K

Purcell at
T ¼ 0 K [dark gray line, Eq. (C1) with Eq. (D2)], valid for weak
coupling (g ≪ κ=4, black dashed vertical line) in the Purcell
regime, as clarified in Appendixes C and D. Results for fixed
cavity loss κ ¼ 4.97 × gjℏg¼20.8 μeV and initially excited biexciton
and empty cavity. Results of experimental realization [50] are
shown as purple diamonds with error bars in (a and b).
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diamonds with error bars in (a and b). In Figs. 4 and 6, the
panels (a) further include the analytical results for the
indistinguishability I0 K

Purcell at T ¼ 0 K [dark gray lines,
Eq. (C1) with Eq. (D2)], valid for weak coupling (κ ≫ 4g,
indicated by the black dashed vertical lines) in the Purcell
regime (see Appendixes C and D for details).
Here, we focus on significant observations and

differences from the results already presented in the main
text. A key feature of Figs. 4 and 5 is the indistinguish-
ability shown in panel (a), especially for the cases of
T ¼ 0 K. For larger QD-cavity coupling, that case
approaches the scenario of T ¼ 4.2 K, while it tends
toward the phonon-free case as g decreases. This can be
explained by the interplay of two effects that vary with

different g, temperatures, and phonon influences: pure
dephasing and phonon-mediated QD-cavity interactions.
While the former is present only at finite temperatures—
specifically T ¼ 4.2 K in our case—the latter occurs at all
temperatures and increases with g, while vanishing at
small g. Therefore, the relative impact of these processes
changes from pure dephasing only to domination of
phonon-mediated QD-cavity interactions as g increases.
Further, phonon-mediated QD-cavity interactions are
slightly increased at T ¼ 4.2 K due to the higher temper-
ature. In the phonon-free version at T ¼ 0 K, neither
phonon-mediated QD-cavity interactions nor pure dephas-
ing are present. For the T ¼ 0 K case, the aforementioned
points explain why this case approaches its phonon-free
version at small g. Generally, no pure dephasing occurs for
T ¼ 0 in our model, and phonon-mediated QD-cavity
interactions are minimal due to small g. Increasing the
QD-cavity coupling also increases phonon-mediated QD-
cavity interactions, causing the T ¼ 0 K case to perform
worse than the phonon-free case. For T ¼ 4.2 K, phonon-
mediated QD-cavity coupling dominates over pure dephas-
ing. The T ¼ 0 K case approaches this situation at larger g,
differing only slightly in phonon-mediated QD-cavity
interactions and the residual impact of pure dephasing.
The effect of increased phonon-mediated QD-cavity

interactions with growing QD-cavity coupling is also
visible in the purity and in the emission [Figs. 4 and 5,
panels (b) and (c), respectively]. Unlike indistinguishabil-
ity, these quantities are insensitive to pure dephasing.
Therefore, all three cases converge to the same value when
g decreases, where phonon-mediated QD-cavity inter-
actions are reduced. Figure 6 reveals the influence of
the cavity loss κ, although no new insights emerge. The
different situations respectively differ consistently in the
impact of phonon-mediated QD-cavity interactions and
pure dephasing across the swept parameters, consistent
with the observations and interpretations provided in the
main text for Fig. 2.
Finally, we comment on the analytic results included in

Figs. 4(a) and 6(a) as dark gray lines. These results are
obtained taking into account the overall decay rates for
both transitions, Eq. (D2), i.e., (Lorentz-masked) Purcell
rate plus radiative decay rate, and assuming gð2Þð0Þ ¼ 0
(i.e., no influence of X photons on indistinguishability).
Good agreement between the analytic approximation and
the numerical simulations is observed in the validity range
of the analytics, that is, in the weak coupling limit
(κ ≫ 4g) of the Purcell regime. There, deviations from
the numerical simulations are on the order of only 1%.
Larger deviations at larger QD-cavity couplings (smaller
cavity losses), as visible in Fig. 4 (Fig. 6), can be
explained, with the violation of the weak coupling con-
dition, as in these cases g≮ κ=4. We do not include the
analytic approximation in Fig. 5, as with κ decreasing with
g, the analytic approximation κ ≫ γXX;Xrad would be violated
(see Appendix C for details).

(a)

(b)

(c)

FIG. 5. Influence of QD-cavity coupling on single-photon
emission for different temperatures and phonon models for
scaled cavity loss. Presented is an extended and rearranged
version of Fig. 3(b). Shown are (a) indistinguishability IH
(green), (b) purity PH (red), and (c) emission PH (blue) at
T ¼ 4.2 K (solid lines), T ¼ 0 K (dashed-dotted lines), and
T ¼ 0 K without phonons (dotted lines) for Ebind ¼ 2.9 meV.
Cavity loss scales with QD-cavity coupling, as κ ¼ 4.97 × g̃T
(g̃ ¼ g̃T ¼ hBiTg). Results for an initially excited biexciton and
empty cavity. Results of experimental realization [50] are shown
as purple diamonds with error bars in (a and b).
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APPENDIX B: THEORY

In this section, we present the theory used for our
investigations. The full Hamiltonian in the lab frame is
given by:

H ¼ HQD þHcav þHQD-cav þHQD-light; (B1)

containing the free evolution of the QD [51],

HQD ¼
X

i¼G;XH;V;XX

Eijiihij; (B2)

with the respective QD energies Ei; i ¼ G;XH;V;XX, and
the free evolution of the cavity,

Hcav ¼ ℏ
X
i¼H;V

ωia
†
i ai; (B3)

with cavity mode creation and annihilation operators

(CAOs) að†Þi and angular frequencies ωi, with i ¼ H;V.
Both interaction terms of the QD with either classical or
quantized cavity light fields are treated in the dipole and
rotating-wave approximation. The interaction Hamiltonian
between the QD and cavity reads:

HQD-cav ¼ ℏg
X
i¼H;V

ðaijXiihGj þ aijXXihXijÞ þ H:c:;

(B4)

with a real-valued coupling constant g. Therefore, we use
the same coupling for both cavity modes. As only H
polarization is measured in the experiment and our V-
cavity mode is detuned from all QD transitions, slight
differences between the couplings, as they might appear in
the experiment should be without significant impact on our
theory results. In general, only the emission can be
impacted by that, but not the single-photon character of
the H-cavity mode. The interaction Hamiltonian between
QD and driving field (V polarized) is given as:

HQD-light ¼ −ℏ
2
ΩðtÞðjXVihGj þ jXXihXVjÞ þ H:c: (B5)

This model implies that the classical light field prop-
agates in an additional mode and neglects direct laser
driving of the V-cavity mode. For the TPE, we use
Gaussian pulses,

ΩðtÞ ¼ Ω0ffiffiffiffiffiffiffiffiffiffi
2πσ2

p e−ðt−t0Þ2=ð2σ2Þ e−iωðt−t0Þ; (B6)

with pulse area Ω0, duration σ, and energy ℏω ¼ EXX=2.
The time shift t0 is chosen such that the pulse emerges after
t ¼ 0. Parameters used can be found in Table II.
The equation of motion for the system density operator

uses the polaron master equation model [7,54–58]:

ρ̇ ¼ − i
ℏ
½H; ρ� þ Lcav ρþ Lrad ρþ Lphonons ρ: (B7)

The QD-light coupling introduced beforehand needs to
be rescaled by the averaged phonon displacement operator:

hBi ¼ hBiT ¼ exp
�
− 1

2

Z
∞

0

dω
JðωÞ
ω2

coth
�

ℏω
2kBT

��
;

(B8)

g̃ ¼ g̃T ¼ hBiTg, Ω̃ ¼ Ω̃T ¼ hBiTΩ0. Here, the phonon
bath dynamics are introduced by their spectral distribution:

JðωÞ ¼ αpω
3 exp

�
− ω2

2ω2
b

�
; (B9)

(a)

(b)

(c)

FIG. 6. Influence of cavity loss on single-photon emission for
different temperatures and phonon models. Presented is an
extended and rearranged version of Fig. 3(c). Shown are (a)
indistinguishability IH (green), (b) purity PH (red), and (c)
emission PH (blue) at T ¼ 4.2 K (solid lines), T ¼ 0 K (dashed-
dotted lines), and T ¼ 0 K without phonon interactions (dotted
lines) for Ebind ¼ 2.9 meV. Panel (a) includes the analytical
approximation of the indistinguishability I0 K

Purcell at T ¼ 0 K
[dark gray line, Eq. (C1) with Eq. (D2)], valid for weak coupling
(κ ≫ 4g, black dashed vertical line) in the Purcell regime, as
clarified in Appendixes C and D. Results for fixed QD-cavity
coupling ℏg ¼ 20.8 μeV (g̃ ¼ g̃T ¼ hBiTg). Results for initially
excited biexciton and empty cavity. Results of experimental
realization [50] are shown as purple diamonds with error bars in
(a and b).
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where αp ¼ 0.03 ps2 is the phonon coupling factor, ℏωb ¼
1 meV is the phonon cutoff energy, T is the temperature,
and kB is the Boltzmann constant [7]. These values are
obtained when approximating the pancake-shaped QD in
Ref. [53] as a spherical isotropic QD, which appears to be a
reasonable assumption for the purposes of the present
work. Equation (B7) contains further the super operators:

Lcav ρ ¼ κ
X
i¼H;V

Lai ρ; (B10)

Lrad ρ ¼ hBi2
X
σ̂

γσ̂radLσ̂ ρ; (B11)

describing cavity loss with the rate κ and radiative decay of
the QD in noncavity modes with the rates ℏγXXrad ¼
1.38 μeV for XX-X transitions and ℏγXrad ¼ 1.5 μeV for
X-G transitions, respectively (same rates for H and V
polarization). We note here in explicitly that this are
single-transition rates. The XX lifetime is therefore half
the inverse of the respective transition decay rate.
Beforehand definitions use the common definition of
the Lindblad operator for an operator Â,

LÂ ρ ¼ 1

2
ð2ÂρÂ† − Â†Âρ − ρÂ†ÂÞ: (B12)

The sum in Eq. (B11) runs over the annihilation
operators of all QD transitions, σ̂ ¼ fjGihXH;Vj;
jXH;VihXXjg. Phonon-related contributions in Eq. (B7)
are given by:

Lphonons ρ ¼ Ldeph ρþ LPh-I ρ: (B13)

This term contains pure dephasing:

Ldeph ρ ¼ − γdeph
2

X
σ̂≠σ̂0

σ̂ρσ̂0; (B14)

with rate ℏγdeph ¼ 1 μeVK−1 × T [7,52,54]. Here, the
sums run over the four electronic states of the QD,

σ̂; σ̂0 ¼ fjGihGj; jXH;VihXH;Vj; jXXihXXjg. As detailed
in Sec. II, we include this term for demonstration purposes.
Theoretical results in the main part of the text focus on
those for T ¼ 4.2 K. The phonon-related contributions
further contain phonon-mediated interactions:

LPh-I ρ ¼ − 1

ℏ2

Z
∞

0

dτ
X
i¼g;u

fGiðτÞ × � � �

� � � × ½XiðtÞ; X̃iðt; t − τÞρðt − τÞ� þ H:c:g;
(B15)

with

Xg ¼ χ þ H:c: ¼ HQD-cav þHQD-light (B16)

and

Xu ¼ iðχ − H:c:Þ; (B17)

with use of

χ ¼ ℏg
X
i¼H;V

ðaijXiihGj þ aijXXihXijÞ

− ℏ
2
ΩðtÞðjXVihGj þ jXXihXVjÞ: (B18)

Further, Eq. (B15) contains the polaron Green functions:

GgðτÞ ¼ hBi2fcosh½ϕðτÞ� − 1g; (B19)

GuðτÞ ¼ hBi2 sinh½ϕðτÞ�; (B20)

using the phonon correlation function:

ϕðτÞ ¼
Z

∞

0

dω
JðωÞ
ω2

�
coth

�
ℏω
2kBT

�
cosðωτÞ − i sinðωτÞ

�
:

(B21)

The propagation in τ direction of X̃iðt; t − τÞ is
given by the time evolution operator UHðt; t0Þ ¼
T̂ exp ½− i

ℏ

R
t0
t dtHðtÞ�: X̃iðt; t− τÞ¼U†

Hðt; t− τÞX̃iðt; tÞ×
UHðt; t− τÞ, with initial condition X̃iðt; tÞ ¼ XiðtÞ. For
visualizing the rate of phonon-mediated cavity feeding
in Fig. 2, we use the analytic approximation of Ref. [54].
Then, phonon-mediated cavity feeding can be modeled
with a Lindblad operator, which depends on the detuning
between the cavity and the respective QD transition,
Δ ¼ ωCav − ωQD-trans, and occurs with rate:

ΓCav;T
QD-transðΔÞ¼ 2hBi2g2ℜ

�Z
dte−iΔtðeϕðtÞ−1Þ

�
: (B22)

For numerical efficiency, we evolve Eq. (B7) in the
interaction picture by performing transformations like

TABLE II. Pulses for two-photon excitation that lead to π
excitation of biexciton for the biexciton binding energy
Ebind ¼ 2.9 meV in the loss-free case, i.e., for hBi ¼ 1 (without
rescaling). Pulse areas must be divided by hBi to compensate for
the rescaling in the polaron master equation and maintain π
excitation.

σ (ps) Ω0 (π)

3 4.2
5 5.2
6 5.7
9 6.9
12 7.8
15 8.6
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ρ̃ ¼ U†ρU, where U ¼ exp ½− i
ℏ ðHQD þHcavÞt�. If not

mentioned otherwise, we start from an initially excited
XX. In the cases where we include TPE, we start from the
QD ground state. In any case, we start with empty cavity
modes. We solve the polaron master equation explicitly for
the system density operator in Fock representation using a
fourth-order Runge-Kutta method with adaptive step size.
The cavity photon numbers are limited to two in each
polarization. This is sufficient for the cases investigated
due to the exclusion of QD reexcitation by the still high X
lifetimes in used cavity configurations. The properties of
the cavity photons with polarization i ¼ H;V are the
emission probability [67],

Pi ¼ κ

Z
dtha†i aiiðtÞ; (B23)

the indistinguishability [56],

I i ¼ 1 −
R
dt
R
dτ 2Gð2Þ

HOM;iðt; τÞR
dt
R
dτ ð2Gð2Þ

pop;iðt; τÞ − jhaiðtþ τÞiha†i ðtÞij2Þ
;

(B24)

the purity (definition from Ref. [24], and simplified using
Ref. [56] similar to I i),

Pi ¼ 1 − pi; (B25)

with

pi ¼
R
dt
R
dτGð2Þ

i ðt; τÞR
dt
R
dτGð2Þ

pop;iðt; τÞ
; (B26)

and the concurrence [73,74,76],

C ¼ max f0; λ4 − λ3 − λ2 − λ1g: (B27)

Here, λi; i ¼ 1;…; 4 are in rising order the eigenvalues
of:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2γ

q
ρ̃2γ

ffiffiffiffiffiffi
ρ2γ

qr
; (B28)

where

ρ̃2γ ¼ σy ⊗ ðρ2γÞ� ⊗ σy; (B29)

and � denotes the complex conjugate. The elements of the
two-photon density matrix ρ2γ calculate as:

ρ2γij ¼
Z

dt
Z

dτGð2Þ
ij ðt; τÞ: (B30)

In Eq. (B30), the indices i; j ¼ 1; ::.4 represent the two-
particle linearly polarized basis in standard representation;
j1i ¼ jH;Hi, j2i ¼ jH;Vi, j3i¼ jV;Hi, and j4i ¼ jV;Vi.

In that representation, the two particle spin-flip matrix
reads:

σy ¼

0
BB@

−1
1

1

−1

1
CCA; (B31)

and the index correspondence between matrix representa-
tion and Gð2Þ functions uses jii ¼ ji1; i2i and reads:

Gð2Þ
ij ðt; τÞ ¼ Gð2Þ

i1i2j1j2
ðt; τÞ: (B32)

Calculating entanglement, we consider similar ladder
operators as [20]: bi ¼ bXXi þ bXi with bXXi ¼ ai þ
jXiihXXj and bXi ¼ jGihXij. The miscellaneous GðiÞ

functions are defined as:

Gð2Þ
HOM;iðt; τÞ ¼

1

2
ðGð2Þ

pop;iðt; τÞ þGð2Þ
i ðt; τÞ − jGð1Þ

i ðt; τÞj2Þ;
(B33)

Gð2Þ
pop;iðt; τÞ ¼ ha†i aiiðtÞha†i aiiðtþ τÞ; (B34)

Gð2Þ
ijklðt; τÞ ¼ ha†i ðtÞa†jðtþ τÞalðtþ τÞakðtÞi; (B35)

Gð2Þ
i ðt; τÞ ¼ Gð2Þ

iiiiðt; τÞ; (B36)

Gð1Þ
i ðt; τÞ ¼ ha†i ðtÞaiðtþ τÞi: (B37)

For the evaluation of the miscellaneous GðiÞ functions,
we use the QRT [60]:

hÂðtÞB̂ðtþ τÞĈðtÞi ¼ trfρ̄ðτÞB̂g; (B38)

with

ρ̄ðτÞ ¼ ðĈρðtÞÂÞðτÞ; (B39)

for operators Â, B̂, and Ĉ. Operators with a time depend-
ence are in the Heisenberg picture, operators without time
dependence are their counterparts in the Schrödinger
picture. Also these calculations are handled in the inter-
action picture. As given by the QRT, the time evolution of
the modified density operator ρ̄ is given by the same
equation of motion as for ρ, Eq. (B7). The cavity emission
spectrum is calculated using [88]:

SiðωÞ ¼
Z

dtSiðt;ωÞ; (B40)

with the time-dependent spectrum at time t:

Siðt;ωÞ ¼ κ

Z
dτ e−iωτGð1Þ

i ðt; τÞ: (B41)
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The shorthand notation used in several definitions for
double time integrals

R
dt
R
dτ replaces

R tmax
0 dt

R tmax−t
0 dτ.

According to this, in the single time integrals
R
dt is the

shorthand notation for
R tmax
0 dt, and

R
dτ is the shorthand

notation for
R tmax−t
0 dτ. The upper limit tmax is chosen such

that the system has fully decayed back to the ground state;
jG; nH;V ¼ 0i. For the application of temporal filtering
after XX-photon emission, tmax is chosen such that the XX
population, as well as the main population in the H-cavity
mode resulting from XX emission, has decayed.

APPENDIX C: DERIVATION OF SIMPLIFIED
MODEL FOR RESONANTLY ENHANCED

TRANSITION(S) OF XX-X CASCADE

In this appendix, we first give the connection between
the formulas above measuring photon quality in our
microscopic theory to the experimentally accessible val-
ues. Then, we reiterate the results of previous works
[40,43], which present a fundamental limit for the maximal
achievable Hong-Ou-Mandel visibility V depending on the
XX-X lifetime ratio. Their theory goes back to Ref. [61],
where the individual transitions of the XX-X cascade are
coupled to flat continua of free photon modes. Wigner-
Weisskopf approach leads to a two-photon wave function
for the photons generated by the cascade only depending
on the lifetimes of the individual transitions. Out of this,
Refs. [40,43] develop their simple limit for V just depend-
ing on the lifetimes. We present an expansion of this
theory for the case of Purcell enhancing the individual QD
transitions. As a main result, we show that the decay rates
(i.e., the inverse of the lifetimes) can simply be replaced by
the respective Purcell decay rate 4g2=κ for a Purcell-
enhanced transition [4]. This gives a deeper insight as to
why cavity-enhancing the XX-X transition generates high-
quality single photons and reflects observable κ- and
g-dependencies in this paper. Apart from the high-quality
cavity photon emitted from the XX, this also holds true for
the X photon. For the different situation of enhancing the
X-G transition, our considerations further explain why this
particular cavity configuration does not lead to high-
quality photons.
We start by giving the connection to the visibility V and

gð2Þð0Þ, as measured in the experiment and used in
Refs. [40,43]. The indistinguishability introduced in
Eq. (B24) can be rewritten as:

I ¼ 1

2
ð1þ V − gð2Þð0ÞÞ; (C1)

with gð2Þð0Þ ¼ Gð2Þ=Gð2Þ
pop and visibility V ¼ jGð1Þj2=Gð2Þ

pop,
which use the experimental equivalents of the double time-
averaged quantities as defined with Eq. (B24). Those are
the respective (averaged) areas under the peaks in the
histograms obtained by correllation measurements as

common in Hanbury-Brown-Twiss (HBT) and Hong-
Ou-Mandel (HOM) experiments. For specific details see
Ref. [50]. This allows translation of the experimentally
measured gð2Þð0Þ and V or the limit on the visibility
developed in Refs. [40,43],

V ¼ 1

1þ γX=γXX
; (C2)

into the formalism used in the present paper. For the limit on
V, we further assume pure single photons for the individual

cascade transitions, Gð2Þ ¼ 0, in gð2Þð0Þ ¼ Gð2Þ=Gð2Þ
pop.

We continue developing a theory allowing application of
Eq. (C2) to the special case of Purcell-enhanced transitions.
Therefore, we first reiterate the starting point of Ref. [61],
which is the system Hamiltonian, which couples the indivi-
dual transitions of the cascade to flat continua of photon
(bath) modes. Eventually this leads to the two-photon wave
function describing the two-photon state emitted by the
cascade. Similar to previous works, we also focus on only
one polarization channel of the QD. Taking the second
polarization channel into account would simply lead to a
sum over both polarizations. But all calculations proceed the
same. Apart from the free Hamiltonian for QD and bath
modes, key ingredient is the coupling Hamiltonian of the
QD to flat continua of bath modes:

HQD-bath ¼ ℏ
X
ω

ðgXωbXωjXihGj þ gXXω bXXω jXXihXjÞ þ H:c:

(C3)

Here, giω, i ¼ X;XX gives the coupling of the XX-X
transition (i ¼ XX) or X-G transition (i ¼ X) to its
respective bath mode with angular frequency ω, described
by the annihilation operator biω. Assuming flat continua for
both baths, the index ω is superficial, but we keep it for
easier distinguishability from QD-cavity coupling rates
(single mode → no indexing). For the case of explicitly
Purcell enhancing an individual QD transition, this is
described again by the dipole interaction Hamiltonian:

HQD-cav ¼ ℏ
X
σ̂

gσ̂aσ̂ σ̂† þ H:c: (C4)

The symbolic QD annihilation operator σ̂ accounts for
the Purcell-enhanced transition and aσ̂ for the respective
cavity mode (resonant with enhanced transition, ωσ̂).
Coupling is set by gσ̂. Therefore, only resonant QD-cavity
coupling is considered in this analytics; off-resonant
coupling between cavity and the other QD transition is
neglected. Furthermore, we neglect direct coupling of the
Purcell-enhanced transition σ̂ to the flat continuum of bath
modes as in Eq. (C3). This general formalism accounts for
various cavity configurations: enhancing just one of the
QD transitions can be achieved by setting σ̂ ¼ jXihXXj for
enhancing the XX-X transition or by setting σ̂ ¼ jGihXj
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for enhancing the X-G transition. In both cases, the sum
over the symbolic σ̂ is omitted. Alternatively, one can
enhance both transitions selectively with a cavity. Then,
the sum over the symbolic σ̂ accounts for both transitions.
Each cavity mode couples to a continuum of free (bath)
modes like:

Hcav-bath ¼ ℏ
X
ω

Kσ̂
ωbσ̂ωðaσ̂Þ† þ H:c: (C5)

Here, Kσ̂
ω gives the coupling of the cavity mode (enhanc-

ing the σ̂ transition) to its respective bath mode with angular
frequency ω, described by the annihilation operator bσ̂ω.
Again assuming flat continua for the baths, the index ω is
superficial. For consistency, we largely keep the notation of
Ref. [61] in the Hamiltonians in this appendix. Of course,
the Lindbladian as introduced in Eq. (B10) is still obtained
with an effective theory for the cavity loss. Therefore, one
simply needs to replace the sums with integrals together

with Kσ̂
ω ¼ −i

ffiffiffiffi
κσ̂ω
2π

q
, where κσ̂ω is the loss of the cavity [89].

But instead of this, we are interested in treating the cavity
only implicitly and therefore in an effective Hamiltonian,
similar as Eq. (C3), where the Purcell-enhanced transition σ̂
couples directly to the cavity bath. The key steps are stated
below. One ends up with:

HQD-cav-bath ¼ ℏ
X
ω

Gσ̂
ωbσ̂ωσ̂† þ H:c: (C6)

In this form, the coupling is not a constant anymore but
given by:

Gσ̂
ω ¼

−igσ̂
ffiffiffiffi
κσ̂ω
2π

q

ω − ωσ̂ þ i κ
σ̂
ω
2

; (C7)

whose quadrature gives the Lorentzian shape of the cavity
[90]. Therefore, the major difference between Purcell-
enhanced QD-bath coupling HQD-cav-bath in Eq. (C6) and
flat QD-bath coupling HQD-bath in Eq. (C3) is the
Lorentzian shape of the cavity. But in the Purcell regime
(κσ̂ω > gσ̂ ≫ γσ̂rad) where the natural linewidth of the QD
transition is much narrower than the cavity, relevant
frequencies lie well in the flat region enhanced by the
cavity. Therefore, it is allowed to directly apply the flat-
continuum theory, even for a Purcell-enhanced transition.
Just the coupling needs to be adjusted by Gσ̂

ω ≈Gσ̂
ωjω¼ωσ̂ ¼

−igσ̂
ffiffiffiffiffiffi
2=π
κσ̂ω

q
. Therefore, the Purcell-enhanced transition σ̂

decays with the well-known rate γσ̂ ¼ 4ðgσ̂Þ2=κσ̂ω [4],
which consequently replaces its respective not-Purcell-
enhanced pendant in Eq. (C2).
The key steps to derive Eq. (C6) lie in solving the cavity

part of the full system Hamiltonian given by Eqs. (C4) and
(C5) and the free Hamiltonian of QD, cavity, and bath. We

do this in general for the Purcell-enhanced QD-transition σ̂,
as proceedings are independent of the specific QD transition
we enhance. For enhancing both transitions with an indi-
vidual cavity, steps need to be performed for each cavity
individually. The cavity dynamics are solved by setting up
Heisenberg’s equation for the cavity annihilation operator
and solving it in frequency space [89]. To reach a solvable
equation, the bath is treated implicitly. Therefore, the free
bath Hamiltonian and more significantly the cavity-bath-
interaction Hamiltonian are replaced by the Lindbladian
κσ̂ωL̃aσ̂ , with L̃Â X̂ ¼ 1

2
ð2Â†X̂Â − Â†ÂX̂ − X̂Â†ÂÞ. Then,

the Heisenberg equation reads:

d
dt
aσ̂ ¼ i

ℏ
½H; ρ� þ κσ̂ωL̃aσ̂ a

σ̂: (C8)

Evaluating all contributions leads to:

d
dt
aσ̂ ¼ −iωσ̂aσ̂ − igσ̂ σ̂ − κσ̂ω

2
aσ̂: (C9)

In frequency space, this reads:

−iωaσ̂ðωÞ ¼ −iωσ̂aσ̂ðωÞ − igσ̂ σ̂ðωÞ − κσ̂ω
2
aσ̂ðωÞ: (C10)

The algebraic solution for the cavity annihilation oper-
ator reads:

aσ̂ðωÞ ¼ gσ̂

ω − ωσ̂ þ i κ
σ̂
ω
2

σ̂ðωÞ: (C11)

To insert this in Eq. (C5) and to derive Eq. (C6), one
needs to perform the inverse Fourier transform using the
requirement that the QD linewidth is narrow compared
with the cavity linewidth, γσ̂rad ≪ κσ̂ω. The free Hamiltonian
of the cavity and QD-cavity-interaction Hamiltonian can
be neglected in the Purcell regime, as photons immediately
leave the cavity. Nonetheless, these terms would only
generate a phase that proved to be incidental in the context
of lifetime ratio limiting the visibility.
For completeness, we note the correspondence of our

analytical result, in the specific case of enhancing the X-G
transition, with previously developed formulas. For in-
stance, when aligning the scenario in Ref. [49] with our
specific system, similar results are obtained.

APPENDIX D: DERIVATION OF
SIMPLIFIED MODEL FOR GENERAL CASE

OF NATURALLY DECAYING XX-X CASCADE
IN A TUNABLE CAVITY

Here we derive a generalized version of the theory
presented in the preceding section. To this end, we
simultaneously consider the coupling of each QD tran-
sition to both a cavity (not necessarily on resonance) and a
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flat continuum. This approach makes it possible to study
situations with smaller QD-cavity coupling, for which the
corresponding Purcell rates are of a magnitude comparable
to the radiative decay rate. Whereas the theory presented
earlier approximates the radiative decay (in noncavity
modes) as negligible for a cavity-enhanced transition,
the extended theory introduced here removes this limita-
tion and thus provides more accurate results, including the
cases where radiative decay has only vanishing impact.
This increased generality comes at the cost of requiring
additional steps and assumptions. For this reason, both
theoretical descriptions are included in the present paper.
As a very foundational result of the present paper, the

key achievement of this most general derivation is that it
enables a detailed description of the experimental situation
for the present paper and also that of Ref. [50]. This
involves a tunable cavity coupled to the radiatively
decaying QD transitions. Our experiments [50] turn out
to lie just within the validity range of the approximations
assumed for the analytical derivation below, explaining the
excellent agreement of the measurements with the simple
analytical result based on the lifetime ratio τXX=τX as
plotted in Fig. 1(c).
Let us consider the simultaneous coupling of a tran-

sition, represented by the operator σ̂, to a cavity of angular
frequency ωcav and to a flat continuum. The cavity is again
coupled to only one QD transition. All previous definitions
remain unchanged, except that the cavity is not necessarily
resonant with the transition (still at ωσ̂), which requires the
extension of our notation. Similarly, we adapt the notation

for the cavity loss κωcav
and for the cavity CAOs, að†Þωcav . The

cavity is coupled to a continuum of free (bath) modes as
described in Eq. (C5). All Hamiltonians remain the same,
with the only difference being that the Hamiltonians
associated with both processes—the QD-continuum cou-
pling [see Eq. (C3)] and the QD-cavity-continuum cou-
pling [see Eqs. (C4) and (C5)]—are now considered
simultaneously in an additive fashion. The elimination
of the explicit treatment of the cavity can be carried out
using the same procedure as before: the steps presented
from Eq. (C8) to Eq. (C11) can be repeated for an arbitrary
cavity frequency. One ends up with:

H̃QD-cav-bath ¼ ℏ
X
ω

G̃σ̂
ωbσ̂ωσ̂† þ H:c:; (D1)

where the introduced couplings G̃σ̂
ω ¼ gσ̂ω þGσ̂

ω combine
the direct QD-continuum coupling gσ̂ω and the cavity-
enhanced QD-continuum coupling Gσ̂

ω. Definitions remain
the same, but inGσ̂

ω, the cavity frequency needs again to be
replaced by its general version ωcav, as resonance with the
QD transition is not necessarily provided. In Eq. (D1), we
have united the initially separately treated bath operators
of the QD transition and the cavity to bath operators bσ̂ω
(same bath of free photon modes). All steps performed

until now can be carried out for both QD transitions, if
both have QD-continuum and QD-cavity-continuum cou-
pling simultaneously. Repeating the Wigner-Weisskopf
approach presented in Ref. [61] shows that Eq. (C2)
remains valid in the Purcell regime, but with decay rates
containing all possible decay paths of transition σ̂,

γσ̂ ¼ γσ̂;ωcav
Purcell þ γσ̂rad: (D2)

Significantly, the Purcell rate now contains the
Lorentzian shape,

γσ̂;ωcav
Purcell ¼

ðgσ̂Þ2κωcav

ðωσ̂ − ωcavÞ2 þ ðκωcav
2
Þ2 ; (D3)

as the QD transition and cavity are not necessarily
resonant. Also, outside the cavity resonance, the QD
transition only experiences the local value of the
Lorentzian, provided that the QD transition linewidth is
narrow compared with the cavity linewidth, γσ̂rad ≪ κωcav

.
Therefore, the effective QD-cavity-continuum coupling
can again be approximated as flat for the relevant frequen-
cies. However, the coupling is reduced by the Lorentzian in
comparison to the resonant case.
This result now allows us to fully capture the exper-

imental situation in Ref. [50]. The crucial difference is that
both transitions of the XX-X cascade couple to the same
cavity. This translates to the evaluated Heisenberg equa-
tion for the cavity CAOs:

d
dt
aωcav

¼ −iωcavaωcav
− i

X
σ̂

gσ̂ σ̂ − κωcav

2
aωcav

; (D4)

where the sum runs over the annihilation operators of both
QD transitions, σ̂ ¼ fjXihXXj; jGihXjg. The algebraic
solution in frequency space now reads:

aωcav
ðωÞ ¼

X
σ̂

gσ̂

ω − ωcav þ i κωcav
2

σ̂ðωÞ: (D5)

Performing the same steps as those leading to Eq. (D1)
may become crucial, since both QD transitions are coupled
to the same cavity. Consequently, both QD transitions (as
well as the cavity itself) couple to the same bath of free
photon modes. This situation appears to eliminate the
initial distinction between photons originating from indi-
vidual QD transitions. However, as long as the QD
transitions remain spectrally separated, the QD-cavity-
continuum coupling Gσ̂

ω is Lorentzian-shaped, and as long
we are in the fast cavity limit (κ > g; no back action from
the cavity), it is justified to again treat the photons
associated with each transition independently. Therefore,
we can write:
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H̃QD-cav-bath ¼ ℏ
X
σ̂

X
ω

G̃σ̂
ωbσ̂ωσ̂† þ H:c:; (D6)

and the previously derived results remain applicable, even
when both QD transitions couple to the same cavity. This
configuration corresponds precisely to the experimental
situation involving a single tunable cavity coupled to both
QD transitions of the XX-X cascade. We have therefore
demonstrated that Eq. (C2) applies to the collective decay
rates encompassing all available decay channels of a given
transition or, equivalently, to the (measured) lifetimes of
the XX and X states.
Finally, we note that the discussion here focuses solely

on the essential part of the experiment, which can be
reduced to a three-level cascade (a single X state) and a
single cavity mode (one polarization). The second X state
and the corresponding cavity mode can be neglected, since
the cavity is detuned in frequency. Hence, their influence is
limited to the emission rather than the visibilities. The
presence of the other X only needs to be taken into account
in the lifetime of the XX. For demonstration of this
analytic model, we refer to Appendix A, Figs. 4 and 6.
Good agreement with the numerical results is observed in
the validity range of the analytical model. Further dis-
cussion is given there.

APPENDIX E: FURTHER ENHANCING THE
SINGLE-PHOTON CHARACTER BY FILTERING

In this appendix, we investigate the influence of spectral
filtering on the quality of the cavity output, using the
sensor method [91,92]. We begin by introducing the theory
and methods used, and then present the results.
For filtering the output of the H-cavity mode at angular

frequency ωS with linewidth μS, we couple it to a sensor
positioned at the respective frequency with CAOs Sð†Þ,

Hcav-sensor ¼ ℏϵSaHS† þ H:c: (E1)

The coupling ϵS needs to be chosen small enough
(ϵS ≪ ffiffiffiffiffiffiffi

μSκ
p

), to avoid any back action on the cavity. In
particular, we use ϵS ¼ κ

100
. The sensor linewidth corre-

sponds to the linewidth of the filter μS and will be varied in
our analysis. To implement the filter, we addHcav-sensor and
the free evolution of the sensor,

Hsensor ¼ ℏωSS†S; (E2)

to the system Hamiltonian. Further, we need to add the
Lindbladian:

Lsensor ρ ¼ μS LS ρ: (E3)

To minimize computational complexity in these inves-
tigations, we handle the direct coupling of the QD to the
V-cavity mode (detuned from all QD transitions) by

representing it solely through effective Lindblad terms:

LV-Cavity ρ ¼ γPurcellXX→XV
LjXVihXXj ρ þ γPurcellXV→G LjGihXVj ρ:

(E4)

Here, we use the Purcell rate:

γPurcellQD-trans ¼
g2κ

ðωQD-trans − ωVÞ2 þ ðκ
2
Þ2 ; (E5)

with the respective QD-transition frequency ωQD-trans ¼
ωXX→XV

¼ ðEXX − EXV
Þ=ℏ for γPurcellXX→XV

and ωQD-trans ¼
ωXV→G ¼ ðEXV

− EGÞ=ℏ for γPurcellXV→G. For phonon-mediated
cavity feeding of the V mode, we proceed the same and
add the Lindblad terms:

LPhonons
V-Cavity ρ ¼ ΓCav;T

XX→XV
LjXVihXXj ρ þ ΓCav;T

XV→G LjGihXVj ρ;

(E6)

using the analytical rate ΓCav;T
QD-transðΔÞ as introduced in

Eq. (B22) for ωCav ¼ ωV and ωQD-trans ¼ ωXX→XV
or

ωQD-trans ¼ ωXV→G, respectively. We note here explicitly
that our effective treatment of phonon-mediated cavity
feeding is different from Ref. [54] by neglecting the V-
cavity mode CAOs in the Lindblad terms. This is valid for
all situations considered in this appendix, as we are not
explicitly interested in the V-cavity photons, and their
photon numbers are much lower than unity. Therefore, the
common factors

ffiffiffi
n

p
and

ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
introduced by the CAOs

are simply one. In general, our effective treatment of the V-
cavity mode has no influence on the single-photon char-
acter of photons in the H-cavity mode, as in the studied
parameter regimes the presence of the V mode generally
only affects the emission. Insignificant discrepancies in the
emissions (almost always significantly below 1%) can be
explained by the different models used to describe the
V mode.
The photon-quality quantifiers of the filtered signal are

now calculated using the formulas introduced in
Appendix B, but with the sensor CAOs Sð†Þ instead of
the CAOs for the H-cavity mode. To arrive at the filtered
emission and cavity emission spectrum, apart from the
CAOs, the loss rates also need to be replaced in Eqs. (B23)
and (B41) by κðμS=2ϵSÞ2. Again, we perform all calcu-
lations in the interaction picture with methods introduced
in Appendix B.
In the following, we present the results for different

filter widths μS. As the XX binding energy has proven its
crucial role for our emission scheme (see Sec. IV, Fig. 2),
we analyze to what extent this can be minimized by
filtering at the cavity frequency, ωS ¼ ωH. Therefore, the
negative influence of the additional X photons emitted into
the cavity is expected to be reduced. More specifically, this
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way the X photons emitted off-resonantly in the cavity can
be erased from the cavity output. Those photons corre-
spond to the side peak of the cavity emission spectra, as
visible in Fig. 1(b). Not erased by this method will be the X
photons emitted resonantly into the cavity, i.e., by phonon-
mediated cavity feeding. Therefore, we only expect a

reduction, but not total disappearance, of the negative
influence of the X photons on the photon output by using
spectral filtering. As for larger absolute XX binding
energies, the negative influence of the X photons has
proven to disappear; photon qualities observable there
can be used as a benchmark for the improvement through
spectral filtering. The sensor method corresponds to filter-
ing with a Lorentzian mask. Therefore, the cavity also
broadens XX emission, and therefore the major part of the
cavity output might be reduced by narrower filters. Ideally,
spectral filtering is only applied in moderation such that it
leaves the amount of XX-cavity photons emitted intact.
Figure 7 shows our results for the photon qualities

without any filtering (solid lines), for a filter broader than
the cavity width (μS ¼ 10κ, dashed lines) and for a filter
fitting the cavity width (μS ¼ 1κ, pearl chains) in depend-
ency of the XX binding energy. Colors as before: indis-
tinguishability IH is shown in green, purity PH in red, and
emission PH in blue. Results presented in colors are for
4.2 K, indistinguishabilities presented in dark gray are for
0 K. For conciseness, we do not show the results of the
phonon-free case for 0 K. Just as without spectral filtering
(Fig. 2), this case shows similar behavior for positive and
negative XX binding energies. The phonon-free case
behaves for both signs like the case of 0 K (including
phonons) at negative XX binding energies, where almost
no phonon influence is visible. Also, we do not show
purity and emission for the case of 0 K, as they also only
slightly deviate from 4.2 K. Overall, we observe that
spectral filtering slightly reduces the emission and
increases the single-photon character. Both effects are
generally more pronounced with the narrower filter.
As expected, the time-resolved cavity emission spectra in

Fig. 8 also reflect our observation. For reasons of clarity and
visualization, results are shown for Ebind ¼ 1 meV and
T ¼ 4.2 K with the narrow filter. The side peak caused
by the X is reduced by spectral filtering. Note that the X
photons emitted resonantly into the cavity, i.e., by phonon-
mediated cavity feeding, are not removed by spectral
filtering.
Focusing on the time evolutions of the unfiltered peaks

as shown in Fig. 8(c), it is expected that temporal filtering
may further boost the photon quality. While the XX (and
the associated intense peak in the spectrum) is emitted on a
short timescale of a few tens of picoseconds due to Purcell
enhancement, the X and associated peaks (the tail of the
intense peak at cavity resonance and the side peak) decay
on much longer timescales (a few hundred picoseconds).
Therefore, XX-cavity photons can be temporally separated
from the major part of the X photons. Initial analyses
confirm that this is indeed the case (see the last paragraph
of this appendix). In any case, we would like to reiterate
that spectral and temporal filtering will not alleviate the
strict physical limit for the indistinguishability set by the
lifetime ratio, nor eliminate pure dephasing.

(a)

(b)

(c)

(d)

FIG. 7. Partial restoration of single-photon character for differ-
ent biexciton binding energies with spectral filtering. Shown are
(filtered) H-mode cavity photons: (a) photon indistinguishability
IH for T ¼ 0 K (dark gray), (b) photon indistinguishability IH
(green), (c) single-photon purity PH (red), and (d) emission PH
(blue) for T ¼ 4.2 K for different filter widths for initially
excited biexciton and empty cavity. Results without filtering
(obtained with cavity CAOs) are shown as solid lines, with
filtering widths μS ¼ 10κ (dashed lines) and μS ¼ κ (pearl
chains). Results of experimental realization [50] are included
as purple diamonds with error bars in (a–c). Detuning between
the X-G transition and cavity changes with biexciton binding
energy as ℏΔCav;XH→G ¼ −Ebind − Efss ≈ −Ebind. Results with-
out filtering correspond to the results presented in Fig. 2.
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As also discussed in the main part, for the relevant
performance quantifiers of our single-photon source, we
obtain for Ebind ¼ 5 meV at T ¼ 0 K with moderate
spectral filtering (μS ¼ κ) values of gð2Þð0Þ ¼ 0.0041
and V ¼ 0.9607. Again, the case of T ¼ 0 K is chosen
here as it best approximates our present experiment (see
Figs. 2 and 7) with very low noise and transitions close to
the transform limit [50]. By further applying temporal
filtering after XX-photon emission and optimizing the
QD-cavity coupling, we obtain gð2Þð0Þ ¼ 0.0037 and V ¼
0.9893 for g ¼ 40 μeV in combination with the broader
spectral filter μS ¼ 10κ (still for Ebind ¼ 5 meV at

T ¼ 0 K). The broader filter is chosen in this case because
it preserves the emission (P ¼ 0.8440), while gð2Þð0Þ and
V remain nearly unchanged (compared with the narrower
filter). Further increase in g leads to Rabi splitting, as the
strong-coupling regime is approached. Similar to the
situation with optimized QD-cavity coupling, the use of
a broader filter is recommended in cases exhibiting Rabi
splitting to preserve the high XX emission.
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