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Coherent Swing-Up Excitation for Semiconductor Quantum
Dots

Katarina Boos,* Friedrich Sbresny, Sang Kyu Kim, Malte Kremser, Hubert Riedl,
Frederik W. Bopp, William Rauhaus, Bianca Scaparra, Klaus D. Jöns, Jonathan J. Finley,
Kai Müller, and Lukas Hanschke

Developing coherent excitation methods for quantum emitters ensuring high
brightness, optimal single-photon purity and indistinguishability of the
emitted photons has been a key challenge in the past years. While various
methods have been proposed and explored, they all have specific advantages
and disadvantages. This study investigates the dynamics of the recent
swing-up scheme as an excitation method for a two-level system and its
performance in single-photon generation. By applying two far red-detuned
laser pulses, the two-level system can be prepared in the excited state with
near-unity fidelity. The successful operation and coherent character of this
technique are demonstrated using a semiconductor quantum dot (QD).
Moreover, the multi-dimensional parameter space of the two laser pulses is
explored to analyze its impact on excitation fidelity. Finally, the performance of
the scheme as an excitation method for generating high-quality single
photons is analyzed. The swing-up scheme itself proves effective, exhibiting
nearly perfect single-photon purity, while the observed indistinguishability in
the studied sample is limited by the influence of the inevitable high excitation
powers on the semiconductor environment of the quantum dot.

1. Introduction

Semiconductor quantum dots (QDs) are among the most
promising candidates for applications in photonic quantum
technologies.[1,2] They are under close investigation as a mate-
rial system for optically-active spin qubits for photonic quantum
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gates,[3] remote-entanglement,[4,5] or the
generation of highly-entangled photon
graph states.[6,7] Furthermore, especially
as single-photon sources they outperform
other solid-state quantum emitters in terms
of brightness and quality of the emitted
photons.[8–12] For the generation of single
photons, in recent years many resonant
and non-resonant methods for excitation
have been established, such as cross-
polarized resonant excitation,[13,14] phonon-
assisted excitation,[15–17] excitation via the
p-shell,[18,19] dichromatic excitation,[20,21]

or excitation via the biexciton.[11,22,23] Even
though each of these methods is promising
in its own way, they come along with spe-
cific individual disadvantages. For example,
resonant excitation requires challenging
filtering,[24–26] while non-resonant exci-
tation introduces additional timing-jitter
which limits the indistinguishability of the
emitted photons.[27,28] Other limitations
of some of the schemes are low efficiency

or simply the restriction to a specific level scheme like the pres-
ence of a cascaded level structure.[11,29] Moreover, for applications
where the coherence of the system has to be maintained, co-
herent excitation is crucial. Recently, Bracht et al.[30] proposed a
promising technique which combines coherent and off-resonant
excitation for a two-level system, whose principle functionality
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Figure 1. Schematic illustration and simulation of the swing-up excitation.
a) Qualitative energy separation of the far red-detuned pulses for swing-
up excitation (orange) and the resonant pulse (blue). b) Simulated time-
resolved state occupation for swing-up (orange) and resonant 𝜋-pulse
population inversion (blue) during the excitation process.

was confirmed experimentally by Karli et al.[31] This swing-up
excitation method is based on two far red-detuned laser pulses
which swing up the population from ground to excited state for
a specific relation in their multi-dimensional space—frequency,
intensity, pulse duration, and timing. This elegant way of excit-
ing the two-level system directly is highly promising as the theo-
retical model predicts near-unity population inversion and good
quality of the emitted photons while enabling frequency filtering
and high brightness.
In this work, we explore the swing-up excitationmethod exper-

imentally and theoretically with regard to the multi-dimensional
parameter space. We find several resonances and good agree-
ment between our experimental results and numerical simula-
tions. Furthermore, we compare the characteristics of the emitted
photons to the ones generated via resonant excitation in terms of
lifetime, single-photon purity and indistinguishability.

2. Results

2.1. Swing-Up Excitation Scheme

In our study, the two-level system is realized by the transition
of the negatively charged exciton in a QD, with one single elec-
tron e− in the QD as the ground state |0⟩ and the trion X− as
the excited state |1⟩. The transition energy between excited and
ground state is given by ℏ𝜔0 while the laser energies are given by
ℏ𝜔i = ℏ𝜔0 + ℏΔi with i = 1, 2, where ℏΔi is the detuning from
resonance, and Δi is negative. The system can be easily inverted
from |0⟩ to |1⟩ with near-unity efficiency under resonant exci-
tation with a 𝜋-pulse area as schematically illustrated in blue in
Figure 1b.[32] While a single red-detuned laser pulse with ℏΔ < 0
is incapable of efficiently transferring population, certain combi-
nations of two red-detuned pulses enable near-unity population
inversion.[30] For the swing-up scheme, the system Hamiltonian
in the rotating frame oscillating at the center frequency of the less
detuned laser pulse and after applying the rotating wave approx-
imation is

H = −ℏΔ1𝜎
†𝜎 + 1

2
ℏ(Ω∗(t)𝜎 + Ω(t)𝜎†) (1)

where the two-color excitation field is described by

Ω(t) = Ω1(t) + Ω2(t + 𝜏)e−i(𝜔2−𝜔1)t (2)

with Gaussian envelopes Ωi(t) and time delay 𝜏 between the
pulses. The integrated pulse areas are given by 𝛼i = ∫ +∞

−∞ Ωi(t) dt.
The excitation pulses are schematically depicted in Figure 1a in
orange. Note that the phase between the pulses does not affect
the scheme and is thus set to zero.[30] By solving the von Neu-
mann equation 𝜕

𝜕t
𝜌(t) = − i

ℏ
[H, 𝜌(t)] where 𝜌 is the density matrix,

we can calculate the population of the excited state.[30] Details on
the simulations are discussed in the Supporting Information.[33]

As shown by the simulation results in Figure 1b in orange, the
population can be inverted with near-unity fidelity, where the oc-
cupation is not smoothly transferred but shows an oscillatory, up-
swinging behaviour during the presence of the pulse. Intuitively,
population inversion by the swing-up scheme can be understood
in the dressed-state picture. The first close-detuned pulse dresses
the states, while the second pulse resonantly drives transitions
within these new states.[34] For our measurements, we used a
single InGaAs QD embedded in a Schottky diode structure. The
diode stabilizes the charge environment in the vicinity of the QD
and enables deterministic switching between neutral and nega-
tively charged QD ground states.[35,36] A distributed Bragg reflec-
tor beneath the QD layer enhances the collection efficiency while
forming a weak cavity with the sample surface. The sample is
cooled down to 4.2K in a dip-stick cryostat. Further information
on sample and experimental setup can be found in Section 4.

2.2. Exploration of the Excitation Parameter Space

To identify for which combination of parameters the popula-
tion inversion is successful, we monitor the emission intensity
of the trion transition while changing different pulse parame-
ters of the swing-up excitation. As the parameter space is multi-
dimensional, we record 2D colormaps as presented in Figure 2
where we scan the detuning and the laser intensity of the second
laser pulse to find resonances and characteristics of the system,
while we vary another third parameter frommap to map. The in-
tegrated trion emission is normalized to themaximal intensity of
the specific parameter set for better visibility in each map. As a
first step we keep the pulse lengths at 10 ps and fix the detuning
and intensity of the first pulse to ℏΔ1 = −0.7 meV and 𝛼1 = 8𝜋,
respectively. The intensity of the pulse is normalized to the power
of a resonant pulse with an area of, 1𝜋 determined from resonant
Rabi oscillations. We scan the detuning and the intensity of the
second laser pulse in the range where high population inversion
is to be expected;[30] from ℏΔ2 = −3meV to−0.92meV and from
𝛼2∕𝛼1 = 0.44 to 1.81. Results can be seen in Figure 2a with both
experimental data (left) and simulations (right) in good agree-
ment. One main region of high excitation fidelity can be seen
at around ℏΔ2 = −2 meV, slightly shifting toward larger detun-
ings with higher intensity. Within, we find a maximal population
inversion at 𝛼2∕𝛼1 = 1.1 and ℏΔ2 = −2.05 meV, indicated by the
black mark, and estimate the fidelity Fexp =

Iint,swing
Iint,res,1𝜋

, the ratio of

emission intensity under swing-up excitation to that under a res-
onant 𝜋-pulse excitation which is typically in the low nW regime,
to 0.66. Notably, simulations suggest a maximum attainable effi-
ciency of 0.97 for similar parameters. The reduced efficiency in
the experiment is most likely to originate from laser-induced de-
phasing, loss of charge carriers by interaction of the laser light
field with defects and free electrons, and uncertainties such as
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Figure 2. Normalized trion emission intensity plotted as a two-dimensional colormap in dependence of detuning and intensity of the second pulse
given in terms of pulse area ratio 𝛼2∕𝛼1, each with fixed parameters for the first laser and for pulse length of 10 ps. Both experimental data (left) and
simulations (right) are shown. First laser at a) ℏΔ1 = −0.7 meV and 𝛼1 = 8𝜋, b) ℏΔ1 = −0.7 meV and 𝛼1 = 11𝜋, and c) ℏΔ1 = −0.7 meV and 𝛼1 = 8𝜋
with a 4 ps time delay for the second laser. Resonances can be observed with clear maxima revealing population inversions up to 0.67 in the experiment.
Each parameter set with the maximal population inversion is marked by a black cross.

deviation in pulse shape, power fluctuations and birefringence.
Toward lower detunings, additional weaker resonances can be
seen. These clear oscillations in intensity over a wide detuning
range indicate the coherent nature of the swing-up excitation and
confirm that the emission does not originate fromone of the laser
pulses alone. In order to see the impact of the intensity of the
first laser pulse, we now increase 𝛼1 to 11𝜋 (Figure 2b). While the
signatures are similar to the lower-intensity case, their structure
is more complex and features more resonances. In the experi-
ment, we reach a similar efficiency of 0.67 with 𝛼2∕𝛼1 = 0.93 and
ℏΔ2 = −2.08 meV while the simulated efficiency goes up close
to 1.00 (both marked in black). However, a minor mismatch be-
tween simulation and experiment can be observed: in the sim-
ulation, the regions of high intensity are shifted to larger nega-
tive detunings of the second laser with respect to the measured
data. This shift increases as the pulse area of the second pulse

is increased. In addition, multiple maxima appear in the simu-
lated data set which are absent in the measured data. This small
deviation between simulations and experiment is likely to result
from a wavelength-dependent coupling of the detuned lasers to
the weak cavity of the sample, forming between the distributed
Bragg reflector beneath the QD and the sample surface. Since
the power of the detuned lasers is calibrated to the pulse area
needed for a resonant Rabi oscillation, a wavelength-dependent
coupling of the laser leads to a small error in the pulse area,
which due to the non-linear shift of the swing-up resonances re-
sults in small differences in the colormaps. For high pulse ar-
eas in a region where 𝛼2∕𝛼1 ∈ [2, 2.5] and small detuning ℏΔ2 <

−5 meV we observe a background, that is, emission of the X−

transition independent of the detuning of the second laser. The
background implies non-coherent excitation induced by the high
laser intensities in the 𝜇 W regime, for example, excitation by
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Figure 3. Experimental (left) and simulated (right) swing-up excitation fidelity dependent on detuning and intensity of the second pulse for fixed param-
eters of the first pulse at 5 ps pulse duration. First laser is centered at a) ℏΔ1 = −1.65 meV and 𝛼1 = 9𝜋, b) ℏΔ1 = −3 meV and 𝛼1 = 9𝜋. With increasing
detuning, the areas of highest population inversion with its maxima marked with black crosses are shifted toward higher excitation intensity.

phonon-absorption, and thus, for investigating the quality of the
emitted photons using lower laser intensities is beneficial. Note
that on the other hand too low pulse intensity decreases the ef-
ficiency of the scheme, making it challenging to find an optimal
parameter set for the studied sample.[33] To further explore the
multi-dimensional swing-up parameter space, we now turn to the
effect of the time delay between the two pulses, for whichwe delay
the second pulse by 4 ps with respect to the first one (Figure 2c).
Consistent with the simulations, we see that the general charac-
teristics of the swing-up excitation do not change much for an
additional delay of 4 ps, that is, we find the highest population
efficiency to be 0.61 at 𝛼2∕𝛼1 = 1.33 and ℏΔ2 = −1.94 meV in
the experiment, and a fidelity of 0.95 in theory, which is simi-
lar to the maxima without delay. This is beneficial for applica-
tions that use this technique as it proves robust to fluctuations
in the timing of the two pulses. Simulations show that the exci-
tation works efficiently as long as the two pulses have a signif-
icant overlap[33] while being symmetric with respect to positive
and negative delay.[30] It is worthwhile to note that Bracht et al.
suggest that with zero time delay amaximal fidelity of 0.90 can be
achieved and a pulse separation of 2.5 ps would achieve the high-
est population inversion for their studied pulse parameter set,[30]

while simulations with our experimental parameter set show that
unity population inversion could be achieved with zero delay.
To continue the study of the phase space, we investigate shorter

pulses, that is, 5 ps on a second QD. Experimental results and
simulation with the first laser at ℏΔ1 = −1.65 meV and 𝛼1 = 9𝜋
can be seen in Figure 3a and show good agreement and similar
resonances as for longer pulses. Note that the power of the reso-

nant 𝜋-pulse to which the intensities are normalized is higher by
a factor of 3 compared to the power for the 10 ps pulses due to
their decreased spectral overlap with the narrow QD transition.
In agreement with the measurements performed with higher ex-
citation intensities (Figure 2), high laser power induces a discrep-
ancy between the resonance lines of experiment and simulation.
In addition, in the experiment the point of highest occupation
appears to be shifted toward higher pulse intensities, that is, to
a point above 𝛼2∕𝛼1 = 2.0 which is outside of the measured re-
gion and where the emission background between the resonance
lines is non-negligible. In Figure 2a, the experimentally observed
highest fidelity of 0.80 at 𝛼2∕𝛼1 = 2.00 and ℏΔ2 = −5.24 meV in
the scanned region, as marked in black, contains much of the
non-resonantly excited background emission, such that we can
only see it as an upper bound. The theoretical maximum of close
to 1.00 is shifted to lower intensity. Compared to excitation with
10 ps pulses, we see that the maximum population inversion is
strongly shifted toward higher detunings and higher intensities
of the second laser which is experimentally challenging and re-
quires further engineering of the sample design. Furthermore,
there are higher constraints for shorter pulses as larger detun-
ings are required to prevent spectral overlap with the fundamen-
tal transition and as the short pulse duration leads to a higher
impact of the relative pulse delay. Increasing the detuning of the
first laser pulse (Figure 3b) while keeping all other parameters
constant results in fewer resonances that shift to higher detun-
ing of the second laser as predicted by theory.[30] The experimen-
tally observedmaximumof 0.40 at 𝛼2∕𝛼1 = 1.61 and ℏΔ2 = −6.95
meV and the theoretical highest fidelity of 0.68 seem not to
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Figure 4. Emission spectra a) and radiative lifetime b) of the trion transi-
tion under swing-up excitation (orange) compared to resonant excitation
(blue). The emission peak under swing-up excitation is slightly broadened
and shifted due to effects of the high laser intensities on the surrounding
solid-state environment. The radiative lifetimes of emission under both
excitation methods are comparable.

represent the highest fidelity for the respective resonances, as
they are on the edge of the measured region. However, from
the simulations, it can be observed that the maximal occupation
is shifted to higher powers, which can not be confirmed exper-
imentally as the area of maximal occupation is shifted outside
of the measured region. Taken together, for the studied sample
we find a trade-off between best efficiency and minimal back-
ground at a fidelity of 0.67 with the first pulse set to ℏΔ1 = −0.7
meV and 𝛼1 = 11𝜋, and the second pulse set to 𝛼2∕𝛼1 = 0.94 and
ℏΔ2 = −2.08 meV for 10 ps pulses corresponding to the maxi-
mum in Figure 2b.

2.3. Single-Photon Properties

Having found optimal parameters for the excitation technique
and sample under investigation we now proceed to character-
ize the quality of the single photons emitted from the QD under
swing-up excitation. To benchmark the characteristics, we com-
pare the results with emission under the established coherent
resonant excitation.
To gain initial insight into the quality of the swing-up photons,

we take a look at the emission spectrum taken with a spectrome-
ter (Figure 4a, orange line). Compared to the emission peak un-
der resonant excitation (Figure 4a, blue line) the integrated in-
tensity is reduced to 0.67, showing the lower efficiency of the
excitation method. However, note that the measurements were
taken in a setup where the emitted light in the detection path is
filtered by a linear polarizer, reducing the intensity by 0.5 overall.
This is needed for the measurements with resonant excitation to
separate QD emission and excitation laser while it would not be
necessary for the excitation via swing-up due to spectral detun-
ing of excitation and emission. This experimentally achieved in-
version efficiency is lower compared to previous work,[31] where
similar emission intensity under swing-up and two-photon exci-
tation are observed. Twomore observations can bemade compar-
ing the emission to the one under resonant excitation: The spec-
trum is shifted by about 11𝜇 eV and slightly broadened. We at-
tribute this to a susceptibility of the semiconductor environment
to the detuned but strong laser pulses required for swing-up exci-
tation, that is, by unintended generation of charge noise. To verify
this, we analyze the X− emission under phonon-assisted excita-
tion and the X°C emission of the biexciton cascade under two-
photon excitation with increasing excitation power. In both cases

we observe similar characteristics (Supporting Information[33]).
The shift can be explained by re-normalization of the resonance
due to localized heating of the material, while the broadening
can be attributed to spectral diffusion induced by the strong laser
pulses. Nevertheless, as both artifacts increase with laser power,
we aim to stay at low excitation powers to ensure a high qual-
ity of the emitted photons. Time-resolved photoluminescence
measurements of both swing-up and resonant excitation are pre-
sented in Figure 4b and confirm comparable values of the life-
times of 450 ± 14 ps and 419 ± 13 ps, respectively. This similar-
ity in excited-state lifetime rules out unexpected effects related
to the swing-up excitation process and confirms the picosecond
timescale of the excitation.
To study the single-photon purity wemeasure the second-order

correlation function g(2)(𝜏). The time-resolved correlations are
presented in Figure 5a, yielding a raw value of g(2)(0)swing,raw =
0.033 ± 0.001 for swing-up excitation (orange). Taking the back-
ground of the SPADs into account (Supporting Information[33]),
we achieve a corrected value of g(2)(0)swing, corr = 0.013 ± 0.001
which is so far the lowest g(2)(0) value for swing-up excitation,
likely due to the optimized excitation conditions. This is in excel-
lent agreement with the raw value of g(2)(0)res,raw = 0.031 ± 0.001
and background-corrected value of g(2)(0)res,corr = 0.016 ± 0.001
for resonant excitation (Figure 5a right), implying that there are
no limitations on the single-photon purity from the swing-up
scheme itself. The limiting factor for the single-photon purity
in this case is the re-excitation which is especially relevant for
excitation pulses which are long with respect to the radiative
lifetime.[37]

We conclude our investigation of the quality of the emitted sin-
gle photons with the study of their indistinguishability. To this
end, we measure correlations of consecutively emitted photons
in an unbalanced Mach-Zehnder interferometer. The correlation
histogram for photons under swing-up excitation is depicted in
Figure 5b on the left. Evaluating the Hong-Ou-Mandel-visibility
vHOM by comparing the center peak to the neighbouring peaks
(Supporting Information[33]) we obtain a value of vHOM,swing =
0.439+0.047−0.049 which, to the best of our knowledge, is the first mea-
sured indistinguishability for photons emitted by a QD under
swing-up excitation. This is lower than the value of vHOM,res =
0.663+0.032−0.035 obtained for resonant excitation. We attribute this
degradation under swing-up excitation to the broadened emis-
sion peak and thus decreased spectral overlap caused by the high
laser intensities. A negligible time-dependent intensity fluctua-
tion between the two detectors in the HOM measurement indi-
cates that the limited efficiency of 0.67 of the excited state popu-
lation comes from a statistical mixture rather than a pure super-
position state, confirming that the observed limited fidelity origi-
nates from dephasing induced by the high laser powers.[33,38] We
note that for our sample and resonant excitation, the indistin-
guishability of trion emission is reduced compared to the neu-
tral exciton emission which yields vHOM,res,X0 = 0.821+0.019−0.018,

[33] in-
dicating the presence of co-tunneling between the QD and the n-
doped layer. However, using swing-up excitation with uncharged
QDs adds further complexity due to the overlap of swing-up res-
onances of the neutral exciton and two-photon swing-up reso-
nances of the biexciton. Consequently, to exploit the full poten-
tial of the swing-up excitation further optimized samples are re-
quired which exhibit less co-tunneling and less spectral diffusion
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Figure 5. Single-photon purity and indistinguishability of single photons emitted under swing-up excitation. a) Second-order correlation func-
tion/histogram of swing-up excitation (orange) and resonant excitation (blue). Both raw values of g(2)(0)swing,raw = 0.033 ± 0.001 and g(2)(0)res,raw =
0.031 ± 0.001 are in excellent agreement. b) Correlation measurements of the swing-up excitation (orange) show a visibility of vHOM,swing = 0.439+0.047−0.049
which is lower than the value of 0.663+0.032−0.035 obtained for resonant excitation (blue). This is attributed to the spectral broadening of the emission observed
in Figure 4.

resulting from detuned but strong laser pulses. Such improve-
ments can be realized by embedding the QD in a cavity struc-
ture, that is, a broad-band bullseye cavity or a planar microcavity,
to enhance light-matter coupling,[39] thereby decreasing the re-
quired excitation intensities and increasing the brightness. Fur-
thermore, a pin-diode replacing the Schottky diode could reduce
noise related to trapping of laser-induced free charge carriers at
the metal-semiconductor interface of the Schottky diode.

3. Discussion and Conclusion

In summary, we have investigated the recent swing-up excitation
method[30] in detail by studying themulti-dimensional parameter
space spanned by the two laser pulse parameter sets with respect
to feasibility in the experiment and the quality of the emitted
single photons. The scheme is very promising as it uses two far
red-detuned laser pulses for a coherent population transfer due
to beating of the frequencies with predicted near-unity fidelity.
In general, the excitation method works well with up to 0.67 ef-
ficiency compared to a resonant 1𝜋 pulse within a certain pa-
rameter range that is currently fixed by experimental limitations.
We find a near-perfect single-photon purity with g(2)(0)swing,corr =
0.013 ± 0.001. In addition, we measured the indistinguishabil-
ity yielding a value of vHOM,swing = 0.439+0.047−0.049 which is limited by
the studied sample, in particular by co-tunnelling and spectral
diffusion caused by the high laser powers. However, with opti-
mized samples we anticipate the scheme to contribute signifi-
cantly to the generation of complex non-classical states of light,
such as photonic graph states, which require a combination of co-

herent excitation, high brightness, high indistinguishability, and
absence of polarization filtering.

4. Experimental Section
Theoretical Model: In the simulations, a two level system consisting of

a ground state |0⟩ and an excited state |1⟩ with an energy separation be-
tween the two states of ℏ𝜔0 and a bichromatic driving field E(t) were con-
sidered within the rotating wave approximation. Assuming that the field is
linearly polarized in x-direction, a time-dependent term Ω(t) = −dxE(t)∕ℏ
is defined, where dx is the transition dipole moment in x-direction. The to-
tal excitation field consisting of two independent Gaussian pulses is given
by

Ω(t) = Ω1(t)e
−i𝜔1t + Ω2(t + 𝜏)e−i𝜔2t+i𝜙 (3)

where 𝜔1,2 are the center frequencies of the two pulses, 𝜏 and 𝜙 are
time delay and phase difference between the two pulses, respectively.
Note that the phase does not affect the scheme and is neglected for
further calculations.[30] Real Gaussian pulse envelopes Ω1,2(t) are given

by 𝛼1,2∕
√
2𝜋𝜎21,2 exp[−t

2∕(2𝜎1,22 )], where 𝜎1,2 = FWHM1,2∕
√
4 ln 2 are de-

scribed by the intensity full width half maximum (FWHM1,2) of each pulse,
and 𝛼1,2 are pulse areas defined by 𝛼1,2 = ∫ +∞

−∞ Ω1,2(t) dt. Thus the system
Hamiltonian can be described by

H = ℏ𝜔0𝜎
†𝜎 + ℏ

2
Ω(t)

(
𝜎 + 𝜎†

)
(4)

where the annihilation operator of the two level system is defined by
𝜎 = |0⟩⟨1|. For further calculations, the rotating wave approximation is ap-
plied and move to the frame rotating at the center frequency of the closer
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detuned laser pulse. To study the dynamics and the final population in the
excited state, the Von-Neumann equation is solved

𝜕

𝜕t
𝜌(t) = − i

ℏ
[H, 𝜌(t)] (5)

within the time range from ti to tf . The time-dependent density operator
𝜌(t) is initialized in the ground state, that is, 𝜌(ti) = |0⟩⟨0|. The final ex-
cited state population is calculated as ⟨1| 𝜌(tf ) |1⟩. For the calculations, a
finite time window of 80 ps exceeding the time of the population inversion
is used.

Sample Structure: The sample used for the measurements consists
of self-assembled InGaAs QDs grown by molecular beam epitaxy. The
layer of dots are enclosed by a diode to further control and stabilize the
environment,[35,36] while a distributed Bragg reflector beneath the QDs
enhances the collection efficiency. The distributed Bragg reflector forms a
weak planar cavity with the surface of the sample.

Experimental Setup: The sample is placed inside an exchange-gas dip-
stick located in a liquid-helium bath resulting in a constant temperature of
4.2 K. Optical access is granted from the top using a state-of-the art cross-
polarized resonance fluorescence confocalmicroscope.[40] High-precision
positioning of the QD with respect to the laser field is achieved via a stack
of nanopositioners. For excitation, a 150 fs Ti:Sapph laser is used whose
output is split into two pulses and shaped using two fully independent 4
f pulse-shapers.[41] Full control of the sub-picosecond time delay between
the two pulses is achieved by a delay line. Simultaneously, two separate
optical attenuators allow independent control of the pulse area of both
pulses after which the pulses are recombined and sent to the confocal
microscope. This experimental setup enables to individually control fre-
quency, pulse duration and intensity of the two pulses and their relative
time delay. The emitted photons are frequency filtered and detected by
either a spectrometer and a CCD camera or by single-photon avalanche
diodes (SPADs).

Note added: During the review process of this manuscript a related
work by Joos et al.[42] was published.
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