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Employing the ultrafast control of electronic states of a semiconductor quantum dot in a cavity, we introduce an
approach to achieve on-demand emission of single photons with almost perfect indistinguishability and photon

pairs with near ideal entanglement. Our scheme is based on optical excitation off resonant to a cavity mode
followed by ultrafast control of the electronic states using the time-dependent quantum-confined Stark effect,
which then allows for cavity-resonant emission. Our theoretical analysis considers cavity-loss mechanisms, the
Stark effect, and phonon-induced dephasing, allowing realistic predictions for finite temperatures.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) are discussed as lead-
ing candidates for ideal on-demand generation of single
photons and entangled photon pairs, with reportedly high in-
distinguishabilities, emission efficiencies, and purities [1–9].
In most cases, losses and decoherence are reduced by using
optical cavities to enhance and accelerate the photon emission.
However, for both single-photon as well as degenerate twin-
photon emission, efficient resonant excitation and resonant
cavity-enhanced emission appear to be mutually exclusive.
For example, resonant excitation of the QD can reduce the
effective brightness of the source as only photons in the cross-
polarized channel are collected [10], while the excitation pulse
may also directly generate cavity photons, undermining the
potential quality of the emitted photons. One possible way
to evade this problem is to substitute the resonant excitation
process using dichromatic pulses that excite an exciton that
then resonantly emits a photon into a cavity mode [11,12].
Another way to circumvent the resonant excitation is to indi-
rectly excite the exciton via a phonon side band. However,
this requires sufficiently high pulse areas to reliably pre-
pare the exciton compared with a single, resonant π pulse
[13–15]. The emission of entangled photon pairs from a QD
biexciton is well understood and can be optimized with pho-
tonic structures to overcome the limited indistinguishability
of the cascaded photons [8,16,17]. Here, two-photon excita-
tion [15,18,19] is typically used, exciting the biexciton state
from the initial ground state without populating the exciton
states. For a nonzero biexciton binding energy, this excitation
process is naturally off resonant with the electronic single-
photon transitions. This is, however, not true in the case of
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degenerate twin-photon emission at half the biexciton energy
[20], where both the direct degenerate two-photon excitation
of the biexciton and the two-photon emission would be res-
onant with the cavity mode. Photons emitted by this process
are highly entangled and indistinguishable [21–23], but again,
the simultaneous resonant excitation and emission need to
be avoided. In light of recent experimental and technological
developments, which demonstrated fast electrical control of
electronic resonances [24] and coherent control of excitonic
states [25], we propose and theoretically explore an opto-
electronic scheme to excite the QD exciton and biexciton,
from which photons can then efficiently and resonantly be
emitted into a cavity mode. The proposed scheme does not
use phonon side bands [13,14], optical Stark shifts [26], or the
biexciton-exciton emission cascade. Instead, ultrafast electric
control [24,27,28] of the electronic resonances based on the
quantum-confined Stark effect is used. Coherent excitation of
the QD is done at finite dot-cavity detunings. The picosecond
electric control of the exciton energies is then used to shift
the exciton or two-photon biexciton resonance, respectively,
toward zero dot-cavity detuning, the ideal condition for effi-
cient photon emission. In this paper, we theoretically explore
the potential and efficiency of this scheme with optoelectronic
control, including the coupling of the dot-cavity system to
its environment. The numerical results show that high single-
and twin-photon emission probabilities are achieved with
high values of single-photon indistinguishability and two-
photon polarization entanglement, reaching near-unity values
for ideal conditions where losses are minimized.

II. QD MODEL

The theoretical description of the QD-cavity system starts
with the four electronic configurations necessary to describe
the optical excitations and emission dynamics discussed
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FIG. 1. (a) Quantum dot (QD)-cavity system with electronic
ground state |G〉, exciton states |XH 〉 and |XV 〉, and biexciton state
|B〉, with binding energy Ebind and single- and two-photon optical
selection rules as indicated. The exciton state degeneracy may be
lifted by fine structure splitting Efsp. Electric tuning of exciton and
biexciton energies via the quantum-confined Stark effect is also
indicated. The shift in energy for the biexciton is assumed twice
as large as for the excitons. (b) Illustration of the quantum-confined
Stark effect that is induced for finite external electric field F �= 0. A
time-dependent external field allows ultrafast control of the exciton
and biexciton energies. (c) Sketch of the temporal sequence used for
the coherent excitation pulse, electric tuning of electronic resonance
frequencies, and resulting photon emission.

above. As sketched in Fig. 1(a), this includes the electronic
ground state |G〉, two orthogonally polarized excitons |XH 〉
and |XV 〉, and the biexciton state |B〉. Coupling to a coherent
classical light field and to two orthogonally polarized cavity
modes with coupling strength g is included. Interaction of sys-
tem and environment includes photon losses from the cavity
modes, radiative losses into noncavity modes, pure dephasing,
and coupling to acoustic phonons. Photon losses from the
cavity modes occur with rate κ . The radiative loss of the
dot population with γrad = 〈B〉(T )1 μeV varies with tempera-
ture through the averaged phonon displacement operator 〈B〉
[compare Eq. (A14)]. The pure dephasing rate of electronic
states is given by γpure = 1 μeV/KT , and coupling to longi-
tudinal acoustic phonons is included within a Lindblad-type
contribution after applying a polaron transformation for finite
and small temperatures T � 0 [22,29,30]. Full details on the
theoretical approach are given in Appendix.

To allow for picosecond electric control, we model the
effect of the quantum-confined Stark effect by varying the
electronic energies in time, as illustrated in Figs. 1(b) and
1(c). With the initial exciton energy EX and biexciton energy
EB = 2EX − Ebind, the time-dependent exciton and biexci-
ton energies are given by EX → EX (t ) = EX (0) + �E (t ) and
EB → EB(t ) = EB(0) + 2�E (t ). We note that the additional
time dependency resulting from the electronic control �E (t )
must be included when calculating the polaron operators
[compare Eq. (A11)]. The small changes in oscillator strength
that accompany the shifts in energy levels [31] and that can in
principle be minimized [32] are neglected here. An exciton
energy of EX = 1.366 eV and biexciton binding energy of
Ebind = 1 meV are used, and a small exciton fine structure
splitting is included with Efsp = 2 μeV [22,33]. For all results
shown in this paper, the length of optical pulses used for

excitation is fixed to σ = 5 ps, while both pulse area and
frequency may vary as noted.

III. RESULTS

In this section, we will discuss the emission schemes used
in this paper in more detail (Sec. III A) and analyze the nu-
merical results obtained for the QD-cavity system introduced
in the previous section for different cavity qualities and at
different temperatures (Sec. III B).

A. Emission schemes

First, we would like to illustrate the general idea pro-
posed. For this initial demonstration, only cavity losses
are considered, and no radiative decay, pure dephasing, or
electron-phonon coupling are included. As sketched in Fig. 2,
to lay the foundation for the later discussion, we investi-
gate three different scenarios: (i) resonant optical pumping of
the QD exciton or biexciton, respectively, with also resonant
emission into the cavity. Note that, in a real system, direct
pumping of photons into the cavity mode would occur in
this case, which for better comparison is not included here.
Scenario (ii) is photon emission by spontaneous decay of an
initially populated exciton or biexciton into an off-resonant
cavity. In scenario (iii), the electronic transition energies are
not fixed, and electronic control is used to transition between
cases (i) and (ii). Results for the three cases are summarized
in Fig. 2.

Starting from the system ground state, in case (i), the
QD is excited using the classical optical excitation pulse,
such that the pulse frequency ωL matches either the exciton
resonance ωL = ωX or the biexciton two-photon resonance
ωL = ω2phot. For the excitation of a single exciton, a pulse
area of �X

0 = 1 π is used. For the biexciton, �
2phot
0 = 3.3 π

is used. In this case, the dot-cavity detuning is zero at all
times, cf., blue sketch and lines in Fig. 2. We note that, in
this case, efficient cavity-resonant photon emission already
starts occurring while the laser pulse keeps repopulating the
excited states. The total emission probabilities (single-photon
probability for exciton emission and two-photon probability
for biexciton emission, respectively) surpass 100%, hinting at
the emission of multiple photons [2]. For the results shown,
values of about Pblue ≈ 110% are reached, although a fully
inverted electronic system is never actually achieved.

To evaluate the quality of the photons emitted, in ad-
dition to the total emission probability for a given photon
mode, defined in Eq. (A28) below, the following proper-
ties are analyzed: If the photon is the result of an exciton
emission, the corresponding photon indistinguishability is cal-
culated. For the twin-photon emission from the biexciton,
the polarization entanglement is evaluated. These properties
are considered ideal when reaching near-unity values, where
higher is generally considered better. In the case (i) dis-
cussed, due to the ongoing excitation process interfering with
the simultaneous decay of the exciton or biexciton popula-
tion, any photons emitted show significantly lowered values
for the indistinguishability and polarization entanglement,
respectively. In this case, the single-photon indistinguisha-
bility based on Eq. (A20) results in Iblue ≈ 0.84, and the
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Resonant Pump Sta�c Decay Electric Tuning

FIG. 2. Pulsed optical excitation of the quantum dot (QD)-cavity system with and without ultrafast electric control. Two scenarios are
shown: (a) exciton excitation (top) and (c) biexciton excitation (bottom) with exciton, biexciton (solid lines) and cavity photon populations
given (dashed lines). The cavity loss is κ = g with g = 66 μeV, resulting in a Q factor of ≈20.000. The excitation pulses are centered at 15 ps
with a pulse width of σ = 5 ps. The insets illustrate the three different configurations studied, the dashed lines mark the cavity resonance, and
the red arrows indicate the control of the electronic levels. In the electric tuning case, a linear electronic control starting at t0 = 25 ps with
total magnitude of �E = 1 meV transforms the static off-resonant case (orange) into the resonant case (blue) over a period of 10 ps. Thus,
in that case, excitation occurs while the electronic transitions are detuned from the cavity resonance, and efficient photon emission starts at
about t1 = 35 ps when the electric control restores the resonance condition with the cavity mode. This dynamic scenario (green) combines
robust resonant exciton and biexciton initialization with the cavity-enhanced photon emission, which without the electronic control would be
mutually exclusive. The resulting spectra in (b) and (d) inherit the slightly redshifted and asymmetric emission characteristics compared with
the resonantly pumped case.

twin-photon polarization entanglement based on Eq. (A23)
results in Cblue ≈ 0.74. Less than ideal values are obtained
here, even though our model does not account for direct gen-
eration of cavity-photons by the excitation pulse nor coupling
to the environment except for the cavity losses. Figure 2(b)
shows that the photons emitted feature the finite Rabi-splitting
expected for the exciton emission and the usual Lorentzian
emission characteristics for the direct biexciton two-photon
emission [20].

Figure 2 (orange inset and lines) also shows the results for
case (ii). Here, the electronic transitions remain off resonant
with respect to the cavity mode with h̄(ωC − ωX ) = 1 meV.
In that case, photon emission into the off-resonant cavity is
prolonged over several nanoseconds. The resulting emission
probability on similar timescales when compared with the
resonantly pumped case discussed above is much lower than
anticipated for a useful on-demand photon source [34], here
reaching merely PH ≈ 10% in the time frame shown. As
no coupling to the environment except for cavity losses is
included in these calculations, both the indistinguishability
as well as the polarization entanglement remain at near-unity
values with Iorange ≈ 1 and Corange ≈ 1. Even with perfect
initial state preparation, however, in an experimental imple-
mentation, these values cannot be reached, as the different
loss mechanisms discussed above play an important role, es-
pecially on such long emission timescales. In this off-resonant
emission case, where dot-cavity coupling is weak, photons
emitted from both exciton and biexciton exhibit the usual
Lorentzian spectral line shape (not visible in the spectral range
shown in Fig. 2), as expected for the effectively almost cav-
ityless photon emission.

In case (iii), shown in Fig. 2 (green inset and lines), with
finite initial dot-cavity detuning of h̄(ωC − ωX ) = 1 meV, an
optical pulse is used to generate a high exciton or biex-
citon population, respectively. Immediately thereafter, the
dot-cavity detuning is reduced over time using the elec-
tronic control, shifting the exciton or biexciton energy until
ωC − ωX = 0 or ωC − ω2phot = 0, respectively, as sketched
in Fig. 1(c). Numerically, a monotonic cubic interpolation
between �E (t0) and �E (t1) is used to achieve a smooth,
noninstantaneous transition between the two energy config-
urations. The dot-cavity detuning is reduced to zero with
an average electronic control speed for both scenarios of
d
dt �E (t )|avg = 100 μeV/ps, a value achievable in realistic
structures. Therefore, zero dot-cavity detuning is reached after
10 ps for the exciton and 15 ps for the biexciton. The results
shown in Fig. 2 (green lines) illustrate that, using this elec-
tronic control of the resonance conditions, we can combine
efficient excitation and efficient resonant emission. For the
ideal case with no additional losses enabled, the electronic
system can be initially fully inverted for both the exciton
and the biexciton and is then shifted by the electric control.
The excitation process is then followed by efficient resonant
emission of photons into the cavity mode, with high emis-
sion probabilities, reaching near-unity values in this idealized
scenario without losses. The temporal emission characteristics
resemble the initially resonant configuration (blue). Similar
timescales are achieved, reducing the duration of the emission
process to a picosecond timescale. The total emission proba-
bility for the single-photon emission is equal to one, provided
the system is initially fully inverted. For the twin-photon
emission from the biexciton, the total emission probability
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is lower, depending on the amount of electronic population
lost to competing emission channels via the biexciton-exciton
cascade. Any biexciton population lost to the exciton states
does not contribute to the twin-photon emission and will thus
lower the photon yield from this process [20]. We note that
this strongly depends on the biexciton binding energy, where
larger binding energies result in longer emission times due to
the increased lifetime of the biexciton, which consequently
lowers the efficiency of the twin-photon emission process
due to the increased duration of the emission process. Nu-
merical values for the single-photon indistinguishability as
well as the twin-photon polarization entanglement reach near-
unity values here, with Igreen ≈ 0.998 and Cgreen ≈ 0.994.
The numerical value calculated for the entanglement is very
close to the theoretical maximum determined by the fine
structure splitting [23], which with the parameters used in
this paper is Cmax = Ebind−Efsp

Ebind+Efsp
= 0.996. This demonstrates that

the electric control does not appear to significantly lower
the efficiency of either emission process, suggesting that the
degree of environmental coupling will eventually determine
the achievable photon quality. Discussing the emission spec-
tra, with the cavity initially being spectrally above the
(bi-)exciton resonance, a notable redshift occurs for the
single-photon emission, where either maximum of the Rabi-
split peaks reached first by the electronic control is favored.
Slower control ( d

dt �E (t )|avg � 100 μeV/ps) will result in a
more pronounced emission asymmetry, resulting in an overall
larger redshift. Faster control will instead restore the usual
resonant emission configuration faster, with an emission spec-
trum resembling the Rabi-split emission characteristics more
closely. For the twin-photon emission, a similar yet much
smaller redshift is observed. When mirroring the energy con-
figuration such that the cavity resonance initially lies beneath
the exciton or biexciton resonances, a corresponding blueshift
will occur instead. We note that, when including coupling
to the environment, this latter case would be more strongly
affected by coupling to phonons, and both the indistinguisha-
bility as well as the polarization entanglement would be
lowered significantly (not shown). Thus, results shown in this
paper will be limited to those energy configurations reducing
electron-phonon interactions.

B. Cavity quality and temperature dependence

In practical implementations, the cavity-enhanced emis-
sion from the exciton and the direct two-photon biexciton
emission strongly depend on the quality of the cavity (Q fac-
tor) used as well as on the temperature of the semiconductor
environment. In this section, we include all loss mechanisms
discussed above and present results for low temperatures and
different cavity qualities using the configurations (i)–(iii) as
discussed in Sec. III A. The influence of different cavity loss
rates κ and different temperatures on photon emission proba-
bility, single-photon indistinguishability, and the twin-photon
polarization entanglement is investigated in detail. Results are
summarized in Figs. 3 and 4. The optical excitation pulse is
fixed at either the exciton or at the two-photon resonance,
respectively. For larger cavity losses, a small frequency shift
for the resonance condition is expected for the optical transi-
tions between the electronic levels [35]. While this shift could

(a)

(b)

(c)

(d)

FIG. 3. Emission probability for (a) and (c) the horizontally po-
larized cavity photon and (b) and (d) the corresponding quantum
properties for different cavity loss κ ∈ [0.5g, 4g]. For the photon
emitted from the exciton, the single-photon indistinguishability is
shown. For the photon emitted from the biexciton in a direct two-
photon emission process, the concurrence as a measure for the
polarization entanglement is displayed. The electrically controlled
emission (solid lines) is compared with the spontaneous emission
from the resonant decay of an initially fully excited exciton or biex-
citon, respectively, without the use of an excitation pulse (dashed
lines) and resonantly pumped case, as illustrated in Fig. 2 above
(dotted lines).

in principle be included by careful design of the excitation
pulse, this would sacrifice simplicity for only negligible im-
provement of the resulting photon emission probability and is
therefore not considered here. We note that the significantly
lower excitation efficiency (compared with Fig. 2) reached in
Figs. 3 and 4, with also total emission probabilities for the
static emission case (dashed lines) significantly higher than
for the electronically tuned emission (solid lines), is not a
result of this cavity-dependent shift in resonance condition.
It is instead a consequence of the generally lower maximum
excitation efficiency when including the environmental losses.
Hence, the lower excitation efficiencies are not a consequence
of the proposed emission scheme using the electronic control
but instead a generally encountered problem due to the envi-
ronmental coupling. While still remaining at relatively high
values, the emission scheme with electronic control (Figs. 3
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(a)

(b)

(c)

(d)

FIG. 4. Emission probability for (a) and (c) the horizontally po-
larized cavity photon and (b) and (d) the corresponding quantum
properties for different temperatures T ∈ [0 K, 10 K]. For the photon
emitted from the exciton, the single-photon indistinguishability is
shown. For the direct two-photon biexciton to ground state transition,
the concurrence as a measure for the polarization entanglement is
displayed. The electrically controlled emission (solid lines) is com-
pared with the spontaneous emission from the resonant decay of an
initially fully excited exciton or biexciton, respectively, without the
use of an excitation pulse (dashed lines) and resonantly pumped case,
as illustrated in Fig. 2 above (dotted lines).

and 4, solid lines) exhibits slightly lower total single- and
twin-photon emission probabilities of PX ≈ 95 % and PB ≈
75 %, respectively, compared with the ideal scenario with
initially fully excited electronic states (dashed lines). This is
due to the aforementioned imperfect excitation process when
including additional environmental coupling as well as the
additional time frame for the environmental coupling to in-
fluence the systems dynamics. In this context, we further note
that, in the electric control scenario, smaller control speeds
will result in a prolonged emission process, such that the sys-
tem experiences more radiative decay, more pure dephasing,
and more dephasing due to phonon coupling. In that case, the
total photon emission probability as well as photon quality are
generally reduced compared with the results shown in Figs. 3
and 4.

The emission probabilities for the twin-photon emission
process show the expected behavior for varying either the

FIG. 5. Normalized emission spectra for the case with electric
control for (a) and (c) exciton and (b) and (d) biexciton. Parameters
as in Fig. 3. For comparison (black lines), the emission spectra
for the resonant decay case for initially fully excited exciton and
biexciton, respectively, are overlayed. For the electrically controlled
case, a redshifted photon emission from the exciton is observed, also
showing an asymmetry for the Rabi-split emission peaks. Note that,
for mirrored energy configurations, the reverse control will result in
a blueshift in emission energy instead.

degree of cavity losses or temperature, respectively. For the
electrically controlled emission process, significant reductions
in emission probability when compared with the emission
from an initially fully excited biexciton can be seen in Figs. 3
and 4. This is the result of the losses in excitation efficiency
for the static excitation pulse for the biexciton. The electric
control by itself does not significantly reduce the emission
probability. The twin-photon polarization entanglement for
the electrically controlled emission process surpasses the val-
ues achieved for the static, spontaneous emission from an
initially fully excited biexciton state. This is a direct result of
the initial conditions for the latter. No coherences ρG↔B and
ρB↔G exist when numerically starting the time evolution in the
biexciton state. The coherence generated by the optical pulse,
however, is found to increase polarization entanglement. Ana-
lyzing the corresponding emission spectra displayed in Fig. 5
and comparing the static spontaneous emission with the
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electrically controlled emission, a redshift is observed for the
latter scenario, as already discussed for Fig. 2. The faster the
control, the less pronounced this shift in emission energy, al-
most reproducing the characteristics of the static spontaneous
emission in the limit of very fast electric control.

IV. CONCLUSIONS

We have presented the theoretical evaluation of a cavity-
assisted emission scheme for single photons and photon
pairs from a QD exciton and biexciton state, respectively.
This scheme combines the benefits of optical excitation off
resonant to the cavity mode with efficient cavity-resonant
emission. The ultrafast transition between both is achieved
employing the quantum-confined Stark effect that shifts the
electronic resonances in and out off resonance with the cavity
mode. We show that the limiting factor for achievable emis-
sion probability and quality of photons generated remains the
amount of coupling to the semiconductor environment. The
faster the electronic control, however, the more its detrimen-
tal influence is reduced. Our numerical results include pure
dephasing, photon losses, and electron-phonon coupling. We
show that, within the proposed scheme, single photons with
high emission probability and near-unity indistinguishability
as well as photon pairs with high emission probability and
near ideal polarization entanglement can be generated in elec-
trically controlled QD-cavity systems.

Generation of highly indistinguishable and entangled
photons is mandatory for applications in quantum communi-
cation. The emission scheme proposed in this paper emerges
as a promising method for enhancing photon emission from
QD-cavity systems that rely on resonant excitation by greatly
increasing the excitation efficiency without compromising the
efficient emission process.
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APPENDIX: THEORY

We model a single exciton as a two-level system. The
combination of two orthogonally polarized excitons into a
biexciton results in a four-level system [cf., Fig. 1(a)]. The
individual excitons can be excited from the ground state
|0, 0〉 ≡ |G〉 and are given by |1, 0〉 ≡ |H〉 and |0, 1〉 ≡ |V 〉.
Each of these singly excited states may then further be excited
into the spin-neutral biexciton state |1, 1〉 ≡ |B〉 [2,20,22,33].

To calculate the temporal evolution of the density matrix
for the system visualized in Fig. 1, we numerically solve the

von Neumann equation:

dρ

dt
= i

h̄
[H, ρ] +

∑
LÔ(ρ), (A1)

in matrix representation in Fock space. Here, the last term
includes the different contributions to the coupling of the
QD-cavity system to its environment, as detailed below. The
Hamiltonian in the interaction picture and in the rotating
frame reads

H = H I,RWA
QD-Cavity + H I,RWA

QD-Light, (A2)

with the dot-cavity and dot-lightfield interaction parts

H I,RWA
QD-Cavity =

∑
i=H,V

g
[|G〉〈Xi|b̂†

i + |Xi〉〈B|b̂†
i

] + H.c., (A3)

H I,RWA
QD-Light =

∑
i=H,V

[|G〉〈Xi|�i(t ) + |Xi〉〈B|�i(t )] + H.c.,

(A4)

with electronic ground state |G〉, exciton states |Xi〉, biexciton
state |B〉, and cavity photon operators b̂†

i .
For any operator Ô, the interaction picture operator ÔI is

calculated by

ÔI = exp

[
i

h̄

∫ t

0
H0(t )dt

]
Ô exp

[
− i

h̄

∫ t

0
H0(t )dt

]
, (A5)

with

H0 =
∑

i=G,XH ,XV ,B

Ei|i〉〈i| +
∑

i=H,V

Ecb̂†
i b̂i, (A6)

where Ei are the (time dependent) energies of the electronic
system defined in the main text. Here, Ec denotes the cavity
mode energy for both optical modes. Since all operators are
treated in the interaction frame, for readability, the superscript
I will be omitted in the following.

As also discussed in the main text, in the model used,
the external classical light field does not directly generate
photons inside the cavity mode that is explicitly considered.
In this approximation, the excitation pulse �i(t ) then directly
couples to the electronic states [compare Eq. (A4)], with

�i(t ) = h̄�0√
2πτ0

exp

[
− (t − t0)2

2τ 2
0

− iωi(t − t0)

]
. (A7)

Here, we introduced the pulse area �0, frequency ωi,
temporal width τ0, and time t0. The coupling of the exciton-
biexciton system to its semiconductor environment is included
using a polaron transformation of the complete Hamiltonian
of both parts. The resulting model then includes the inter-
actions of the electronic states with a bath of longitudinal
acoustic phonons. After the analytical treatment of the polaron
transformed operators, a Lindblad-type contribution to the von
Neumann equation is obtained [29], with

LPhonons[ρ(t )]

= − 1

h̄2

∫ ∞

0

∑
k=g,u

{Gi(τ )[Xk (t ), X̃k (t, t − τ )ρ(t − τ )]

+ H.c.}dτ, (A8)
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where

Xu = i(χ − H.c.), (A9)

Xg = χ + H.c. (A10)

The QD-bath interaction is then calculated by evaluating

χ =
∑

i=H,V

(|Xi〉〈G| + |B〉〈Xi|)[gb̂†
i + �i(t )]. (A11)

The polaron operator X̃i(t, t − τ ) is calculated by solving the
von Neumann equation Eq. (A1) with a reversed sign for
the initial condition X̃i(t, τ = 0) = X̃i(t, t ) until X̃i(t, t − τ )
is reached. Instead of the Lindblad terms, the explicit time
dependency of X̃i(t, t − τ ), including the additional time de-
pendency induced by the electric control of the dot energies,
is added onto the right side of the equation.

The Polaron-Green functions are

Gg(τ ) = 〈B〉2{cosh [φ(τ )] − 1}, (A12)

Gu(τ ) = 〈B〉2 sinh[φ(τ )], (A13)

with the averaged phonon displacement operator

〈B〉 = 〈B±〉 = exp

[
−1

2

∫ ∞

0

J (ω)

ω2
coth

(
h̄ω

2kBT

)
dω

]
.

(A14)

The phonon correlation function is given by

φ(τ ) =
∫ ∞

0

J (ω)

ω2

[
coth

(
h̄ω

2kBT

)
cos (ωτ ) − i sin (ωτ )

]
dω.

(A15)

These operators introduce the temperature dependency for the
phonon emission and absorption.

The dynamics of the phonon bath are defined by their
spectral distribution:

J (ω) =
∑

�q
λ�qδ(ω − ω�q) = αpω

3 exp

(
− ω2

2ω2
b

)
. (A16)

The phonon cutoff energy is h̄ωb = 1 meV. The phonon
coupling factor is αp = 0.03 × 10−24 s2. Cavity losses, ra-
diative decay, as well as the electronic dephasing of
the QD population are included by the Lindblad-type
contributions

LÔ(ρ) = 2ÔρÔ† − Ô†Ôρ − ρÔ†Ô. (A17)

For the cavity losses, we have Ô = √
κ/2b̂i, with h̄κ =

66 μeV unless otherwise noted. For the radiative loss
of the electronic population of the QD, we have Ô =√

γrad/2|Xi〉〈B|. Population lost to this process will radiate
into a noncavity mode with h̄γrad = 〈B〉1 μeV [36]. Note that,
while this rate is never changed directly for different results,
it is indirectly scaled by temperature due to the factor 〈B〉.
For the phonon induced pure dephasing of the electronic
states, we have Ô = √

γpure/8(|i〉〈i| − | j〉〈 j|), with h̄γpure =
1 μeV/K [29], assumed to be proportional to the temperature
of the environment. To calculate the cavity emission spectrum,
Hong-Ou-Mandel (HOM) indistinguishability, or two-photon
concurrence, the first- and second-order photon correlation
functions are calculated using the quantum regression theorem
[37]:

G(1)
i (t, t ′) =Tr{ρ ′(t ′)b̂†

i (0)} (A18)

with ρ ′(0) = b̂i(0)ρ(t ),

G(2)
i, j (t, t ′) =Tr{ρ ′(t ′)b̂†

i (0)b̂ j (0)} (A19)

with ρ ′(0) = b̂ j (0)ρ(t )b̂†
i (0).

The correlation functions in Eqs. (A18) and (A19) are eval-
uated numerically by evolving the von Neumann equation
Eq. (A1) for the corresponding ρ ′(0) initial condition.

The single-photon HOM indistinguishability [38] reads

Ii = 1 − pc,i = 1 −
∫ tmax

0

∫ tmax−t
0 2G(2)

HOM,i(t, t ′)dt ′dt∫ tmax

0

∫ tmax−t
0

[
2G(2)

pop,i(t, t ′) − ∣∣〈b̂i(t + t ′)〉〈b̂†
i (t )〉∣∣2]

dt ′dt
, (A20)

with

G(2)
HOM,i(t, t ′) = 1

2

[
G(2)

pop,i(t, t ′) + G(2)
i,i (t, t ′) − ∣∣G(1)

i (t, t ′)
∣∣2]

,

(A21)

G(2)
pop,i = 〈b̂†

i b̂i〉(t )〈b̂†
i b̂i〉(t + t ′). (A22)

The two-photon concurrence is used as a measure for
the polarization entanglement of the emitted photons. It is
given by [39]

C = max{0, λ4 − λ3 − λ2 − λ1}, (A23)

where λi are the numerical eigenvalues of

R =
√√

ρ2phρ̃
√

ρ2ph, (A24)

with

ρ̃ = (σy ⊗ σy)ρ∗
2ph(σy ⊗ σy). (A25)

Here, σy is the corresponding spin-flip matrix, and ρ2ph is the
two-photon density matrix with

ρ
2ph
i, j =

∫ tmax

0

∫ tmax−t

0
G(2)

i, j (t, t ′)dt ′dt . (A26)

We use the double time-integrated second-order correlation
function to calculate the matrix elements of the two-photon
density matrix. This way, the maximum degree of interference
between any of the states at all times is included, providing a
more complete result when compared with the single time-
integrated or analytical measures, as is discussed in Ref. [23].
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The emission spectrum for either one of the cavity modes
assuming ideal detection is calculated by [40]

Si(tmax, ω) = Re
∫ tmax

0

∫ tmax−t

0
G(1)

i (t, t ′)e−iωt ′
dt ′dt . (A27)

The cavity-emission probability Pi(t ) is calculated by inte-
grating the photon density times cavity loss rate:

Pi(t ) = κ

∫ tmax

0
〈b̂†

i b̂i〉(t )dt . (A28)
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K. Müller, Quantum dot single-photon sources with ultra-low
multi-photon probability, npj Quantum Inf. 4, 43 (2018).

[3] L. Schweickert, K. D. Jöns, K. D. Zeuner, S. F. Covre da Silva,
H. Huang, T. Lettner, M. Reindl, J. Zichi, R. Trotta, A. Rastelli,
and V. Zwiller, On-demand generation of background-free sin-
gle photons from a solid-state source, Appl. Phys. Lett. 112,
093106 (2018).

[4] Y. Chen, M. Zopf, R. Keil, F. Ding, and O. G. Schmidt, Highly-
efficient extraction of entangled photons from quantum dots
using a broadband optical antenna, Nat. Commun. 9, 2994
(2018).

[5] D. Huber, M. Reindl, S. F. Covre da Silva, C. Schimpf, J.
Martin-Sánchez, H. Huang, G. Piredda, J. Edlinger, A. Rastelli,
and R. Trotta, Strain-Tunable GaAs Quantum Dot: A Nearly
Dephasing-Free Source of Entangled Photon Pairs on Demand,
Phys. Rev. Lett. 121, 033902 (2018).

[6] J. Liu, R. Su, Y. Wei, B. Yao, S. F. C. d. Silva, Y. Yu, J.
Iles-Smith, K. Srinivasan, A. Rastelli, J. Li, and X. Wang, A
solid-state source of strongly entangled photon pairs with high
brightness and indistinguishability, Nat. Nanotechnol. 14, 586
(2019).

[7] H. Wang, H. Hu, T.-H. Chung, J. Qin, X. Yang, J.-P. Li, R.-Z.
Liu, H.-S. Zhong, Y.-M. He, X. Ding, Y.-H. Deng, Q. Dai, Y.-H.
Huo, S. Höfling, C.-Y. Lu, and J.-W. Pan, On-Demand Semicon-
ductor Source of Entangled Photons which Simultaneously has
High Fidelity, Efficiency, and Indistinguishability, Phys. Rev.
Lett. 122, 113602 (2019).

[8] D. Huber, M. Reindl, Y. Huo, H. Huang, J. S. Wildmann, O. G.
Schmidt, A. Rastelli, and R. Trotta, Highly indistinguishable
and strongly entangled photons from symmetric GaAs quantum
dots, Nat. Commun. 8, 1 (2017).

[9] M. Müller, S. Bounouar, K. D. Jöns, M. Glässl, and P. Michler,
On-demand generation of indistinguishable polarization-
entangled photon pairs, Nat. Photonics 8, 224 (2014).

[10] N. Somaschi, V. Giesz, L. De Santis, J. C. Loredo, M. P.
Almeida, G. Hornecker, S. L. Portalupi, T. Grange, C. Antón,
J. Demory, C. Gómez, I. Sagnes, N. D. Lanzillotti-Kimura,
A. Lemaitre, A. Auffeves, A. G. White, L. Lanco, and P.
Senellart, Near-optimal single-photon sources in the solid state,
Nat. Photonics 10, 340 (2016).

[11] Y.-M. He, H. Wang, C. Wang, M. C. Chen, X. Ding, J. Qin, Z. C.
Duan, S. Chen, J. P. Li, R.-Z. Liu, C. Schneider, M. Atatüre, S.
Höfling, C.-Y. Lu, and J.-W. Pan, Coherently driving a single

quantum two-level system with dichromatic laser pulses, Nat.
Phys. 15, 941 (2019).

[12] Z. X. Koong, E. Scerri, M. Rambach, M. Cygorek, M. Brotons-
Gisbert, R. Picard, Y. Ma, S. I. Park, J. D. Song, E. M. Gauger,
and B. D. Gerardot, Coherent Dynamics in Quantum Emitters
under Dichromatic Excitation, Phys. Rev. Lett. 126, 047403
(2021).

[13] M. Glässl, A. M. Barth, and V. M. Axt, Proposed Robust and
High-Fidelity Preparation of Excitons and Biexcitons in Semi-
conductor Quantum Dots Making Active use of Phonons, Phys.
Rev. Lett. 110, 147401 (2013).

[14] J. H. Quilter, A. J. Brash, F. Liu, M. Glässl, A. M. Barth, V. M.
Axt, A. Ramsay, M. S. Skolnick, and A. M. Fox, Phonon-
Assisted Population Inversion of a Single InGaAs/GaAs
Quantum Dot by Pulsed Laser Excitation, Phys. Rev. Lett. 114,
137401 (2015).

[15] P.-L. Ardelt, L. Hanschke, K. A. Fischer, K. Müller, A.
Kleinkauf, M. Koller, A. Bechtold, T. Simmet, J. Wierzbowski,
H. Riedl, G. Amstreiter, and J. J. Finley, Dissipative preparation
of the exciton and biexciton in self-assembled quantum dots on
picosecond time scales, Phys. Rev. B 90, 241404(R) (2014).

[16] E. Schöll, L. Schweickert, L. Hanschke, K. D. Zeuner, F.
Sbresny, T. Lettner, R. Trivedi, M. Reindl, S. F. Covre da Silva,
R. Trotta, J. J. Finley, J. Vučković, K. Müller, A. Rastelli, V.
Zwiller, and K. D. Jöns, Crux of using the Cascaded Emission
of a Three-Level Quantum Ladder System to Generate Indistin-
guishable Photons, Phys. Rev. Lett. 125, 233605 (2020).

[17] R. Hafenbrak, S. Ulrich, P. Michler, L. Wang, A. Rastelli,
and O. Schmidt, Triggered polarization-entangled photon pairs
from a single quantum dot up to 30 K, New J. Phys. 9, 315
(2007).

[18] S. Stufler, P. Machnikowski, P. Ester, M. Bichler, V. M. Axt,
T. Kuhn, and A. Zrenner, Two-photon Rabi oscillations in a
single InxGa1−xAs/GaAs quantum dot, Phys. Rev. B 73, 125304
(2006).

[19] H. Jayakumar, A. Predojević, T. Huber, T. Kauten, G. S.
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