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We propose a scheme for the generation of highly indistinguishable single photons using semiconductor
quantum dots and demonstrate its performance and potential. The scheme is based on the resonant two-
photon excitation of the biexciton followed by stimulation of the biexciton to selectively prepare an exciton.
Quantum-optical simulations and experiments are in good agreement and show that the scheme provides
significant advantages over previously demonstrated excitation methods. The two-photon excitation of the
biexciton suppresses re-excitation and enables ultralow multiphoton errors, while the precisely timed
stimulation pulse results in very low timing jitter of the photons, and consequently, high indistinguish-
ability. In addition, the polarization of the stimulation pulse allows us to deterministically program the
polarization of the emitted photon (H or V). This ensures that all emission of interest occurs in the
polarization of the detection channel, resulting in higher brightness than cross-polarized resonant
excitation.
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Single photons are a key resource for applications in
photonic quantum technologies, such as quantum key
distribution [1], linear optical quantum computing [2,3],
and Boson sampling [4,5]. Over the past two decades,
semiconductor quantum dots have played a pivotal role for
deterministic single-photon sources [6–12]. This stems from
their excellent optical properties, such as almost exclusive
emission into the zero-phonon line, near-unity quantum
efficiency, near transform-limited linewidth, high emission
rates and ease of integration into photonic nanoresonators,
and waveguides to further enhance the emission rates and
efficiency [13,14]. Awealth of different excitation schemes
have been developed, such as nonresonant excitation,
resonant excitation, two-photon excitation of the biexciton,
phonon-assisted excitation, all of which have specific

advantages and disadvantages [14]. Resonant excitation
techniques avoid the creation of free charge carriers that
introduce noise in the electronic environment, enabling near
transform-limited linewidths [15,16]. Furthermore, resonant
excitation has been shown to produce excellent indistin-
guishability [17], but the single-photon purity is limited to
gð2Þð0Þ ≈ 10−2 due to re-excitation and subsequent emission
of a second photon [18]. This re-excitation can be strongly
suppressed for two-photon excitation of the biexciton
[19,20], however, the indistinguishability of the two emitted
photons is then limited due to the cascaded emission [21].
Recently, acoustic-phonon mediated excitation has been
proposed and confirmed in experiments as an attractive
method to produce a high single-photon purity and indis-
tinguishability comparable to resonant excitation without
the need for polarization filtering [22–25]. So far, an
excitation scheme that combines both an ultralow multi-
photon error rate and high indistinguishability, and inherent
polarization control has remained elusive.
In this Letter, we theoretically model and experimentally

demonstrate a single-photon generation scheme that
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combines all the advantages of previously established
excitation methods. The scheme is based on the resonant
two-photon excitation of the biexciton [26,27] followed by
timed stimulation to prepare the exciton. The two-photon
excitation of the biexciton suppresses re-excitation and
enables ultralow multiphoton errors. The precisely timed
stimulation pulse prepares the system in the exciton state at
a predetermined time. This greatly reduces timing jitter in
the preparation of the exciton state caused by the biexciton
population lifetime, and consequently, reestablishes the
high indistinguishability for photons emitted from the
exciton to ground state decay. The scheme allows us to
deterministically program the polarization of the emitted
photon (H or V) via the polarization of the stimulation
pulse [28,29]. Moreover, this allows us to obtain all
emission of interest to occur in the polarization of the
detection channel enabling higher brightness than cross-
polarized resonant excitation. Experiments and simulations
exploring the system dynamics are in very good agreement
and confirm the validity of the theoretical model.
The quantum level scheme of the system under study in

this work is depicted in Fig. 1(a). It consists of the ground
state j0i, an excited state j2Xi, and two intermediate states
jXHi and jXVi which are energetically split by a fine
structure splitting [30]. The dotted arrows represent radi-
ative decays. The ground state j0i and the excited state j2Xi
are resonantly coupled via a two-photon absorption process
by a laser pulse (solid green arrows) resonant on a virtual
level. Note that due to the biexciton binding energy Eb, the
j2Xi ↔ jXH;Vi transition energies are red-detuned by Eb

from the jXH;Vi ↔ j0i transition energy [31]. An addi-
tional linearly polarized stimulation laser pulse (solid
orange arrow) resonant on the j2Xi ↔ jXH;Vi transition
selectively couples the biexciton to one of the two exciton
branches, and thus the polarization of the pulse (H or V)
determines the branch.
To study the emission properties such as purity and

indistinguishability of this system, we focus our attention
on the case where the excitation laser is V polarized and the
stimulation laser is H polarized, thus exciting on one
branch of the cascade and stimulating on the second branch
where also the emission properties are studied. The
Hamiltonian of this ladder system in a reference frame
rotating at the excitation laser frequency and its detuning
from the exciton state then reads

H ¼ ½μe · EeðtÞ�2
2Eb

ðj0ih2Xj þ j2Xih0jÞ

þ μs · EsðtÞ
2

ðjXHih2Xj þ j2XihXHjÞ ð1Þ

where μe;s are the respective electric dipole moments of
both transitions and Ee;sðtÞ are the respective time-
dependent electric fields of the applied excitation and
stimulation laser. The first part describes the excitation

laser coupling between the ground and biexciton state after
adiabatic elimination of the intermediate state. The
assumption made here is that the excitation laser resonant
on the virtual level does not populate the exciton state, but
instead couples directly the ground state to the biexciton. A
detailed discussion of the parameters for which this is valid
can be found in the Supplemental Material [32]. The
second term represents the coupling of the biexciton and
exciton state by the stimulation laser. Note that we omitted
the term originating from the fine structure splitting
between the two exciton states. In the chosen polarization
configuration with the stimulation pulse addressing
an energy eigenstate and the investigation of only the
jXHi → j0i transition, this term has no impact as it only
contributes a phase between the jXHi and jXVi state when
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FIG. 1. (a) Level scheme of the biexciton-exciton cascade: solid
arrows denote laser fields, dotted arrows denote emission through
radiative decay. (b) Simulated population evolution of the excited
and intermediate state of a quantum ladder system excited via the
two-photon resonance. The solid lines represent the state pop-
ulation with a stimulation laser pulse applied at t ¼ 0.2τX, the
dashed lines represent the case without stimulation laser. (c) Cal-
culated second-order coherence of the jXHi → j0i transition in
dependence of the time delay between the excitation and
stimulation pulse exhibits up to 2 orders of magnitude better
gð2Þð0Þ than for a resonantly driven two-level system (2LS)
excited by a pulse of the same length (dashed line). (d) Numeri-
cally simulated indistinguishability in dependence of the pulse
delay shows that for short pulse delays near-unity indistinguish-
ability can be achieved for the emitted photons of the
exciton decay.
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the biexciton has spontaneously decayed. Under pulsed
excitation and stimulation, the system dynamics are domi-
nated by coherent oscillations of the coupled states deter-
mined by the pulse area. Because of the two-photon
process, the excitation pulse area scales quadratically with
the electric field, whereas the stimulation pulse area scales
linearly. We numerically model the system described above
and its emission properties using the Quantum Toolbox in
Python (QuTiP) and a quantum-optical master equation
approach [42–44]. The time evolution for the population
of both excited states after excitation and subsequent
stimulation is displayed in Fig. 1(b) in units of the exciton
lifetime τX. At time t ¼ 0 the system is excited by a
Gaussian π pulse (Tpulse ≪ τX) resonantly at the ground
state to biexciton transition. This leads to near-unity
population of the j2Xi state (solid red line). In a free
evolution period, the j2Xi state population decays leading
to an equal buildup of the population of the jXHi state
(solid blue line) and the jXVi state (not shown). After an
exemplary time delay t ¼ 0.2τX (dashed vertical line), the
Gaussian stimulation pulse with an area of π is applied
which inverts the population of the biexciton and exciton
state. The population evolution of the states without the
stimulation pulse applied is depicted by the red and blue
dashed lines, respectively. The time delay between the
excitation and the stimulation laser pulse can be precisely
varied, thus enabling direct manipulation of the effective
emission rate γ2X only via optical means. We set the
parameters of the simulation, namely, the emission rates
of the two transitions and the pulse lengths of both pulses,
in accordance with the values determined for the InGaAs
quantum dot investigated experimentally below. By calcu-
lating the first- and second-order coherences gð1Þð0Þ and
gð2Þð0Þ we determine the purity and indistinguishability of
the single photons emitted from the jXHi → j0i transition
[44] as a function of the time delay between the two pulses.
The simulated degree of second-order coherence gð2Þð0Þ is
presented in Fig. 1(c). Independent of the time delay,
gð2Þð0Þ is up to more than 2 orders of magnitude lower than
for a resonantly driven two-level system characterized by
the same emission rate and driven by a pulse with the same
temporal shape (dashed line). This results from the two-
photon excitation which strongly suppresses re-excitation
during the presence of the pulse [19,20]. At small time
delays where both laser fields temporally overlap, gð2Þð0Þ
exhibits a sharp peak. When the pulses overlap, the
decrease of the effective biexciton lifetime τ2X induced
by the stimulation pulse increases the probability of re-
excitation. For time delays larger than ∼0.023τX, gð2Þð0Þ is
initially even lower than for bare two-photon excitation, as
the brightness of the emission of interest is increased.
The major advantage of our proposed scheme is

that it overcomes the existing inherent limits on the
indistinguishability of photons emitted by a quantum ladder
system. It was found that for this type of system the

indistinguishability of emitted photons depends on the
lifetime ratio of both transitions, and for a single-photon
source with negligible multiphoton emission is given by the
relation [21,45]

P ¼ γ2X
γ2X þ γX

ð2Þ

which approaches unity for large γ2X. In Fig. 1(d) we present
the numerically simulated indistinguishability as a function
of the pulse delay.When the stimulation pulse arrives before
the excitation pulse, the indistinguishability of the emitted
photons is limited by Eq. (2) as it corresponds to the case for
bare two-photon excitation, which goes to 62.0% for the
chosen emission rates. For short time delays between both
pulses, the indistinguishability reaches a maximum of
99.4% due to the increase of the biexciton emission rate
arising from stimulation. Themaximum indistinguishability
occurs where both pulses still have a very small overlap,
causing gð2Þð0Þ to be similarly small as for regular two-
photon excitation. This could be further optimized by
choosing shorter pulse lengths or different shapes, which
would simultaneously suppress re-excitation and enable
faster stimulated emission for the biexciton-exciton tran-
sition. As the time delay between both laser pulses is
increased, the indistinguishability decreases to a local
minimum at ∼1.4τX. For this delay, the stimulation pulse
effectively increases the excitation timing jitter, since the
population that had already decayed to jXHi can be reexcited
to j2Xi. For very long time delays (t > 4τX), the indis-
tinguishability approaches the accessible limit of indistin-
guishability for the two-photon excitation, since most of the
population of the excited states has already decayed to the
ground state before the stimulation pulse arrives. Thus, by
choosing a short time delay between excitation and stimu-
lation laser pulse our proposed scheme allows for the
generation of highly indistinguishable single photons.
We continue to experimentally confirm these findings

using a semiconductor InGaAs quantum dot (see
Supplemental Material for details of the sample structure
[32]) and with the same polarization configuration used in
the simulations above. A typical emission spectrum for
the two-photon excitation of the j0i ↔ j2Xi transition is
presented in Fig. 2(a). The emission from both the
biexciton and exciton is clearly visible with comparable
intensity while the spectrally separated excitation laser is
suppressed by cross-polarized filtering. Rabi oscillations of
the j0i ↔ j2Xi transition driven by a ∼5.3 ps long
Gaussian pulse and measured via the biexciton and
subsequent exciton emission intensities [Fig. 2(b)] confirm
the coherent nature of the two-photon excitation. With
increasing power up to a pulse area of 10π, increasing
damping is observed which is mainly caused by coupling to
longitudinal acoustic phonons during the excitation process
[46], as well as renormalization of the Rabi frequency
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leading to a deviation from the expected linear behavior
[47]. After the preparation of the system in the j2Xi state
and a subsequent delay of ∼9 ps, the stimulation pulse in
resonance with the j2Xi ↔ jXHi transition is applied to
drive the system coherently between these states.
Measuring the intensity of the biexciton emission as a
function of the stimulation pulse power [Fig. 2(c)] reveals
clean Rabi oscillations with an asymmetric damping (see
Supplemental Material for details [32]). Note that for a
pulse area of π, the biexciton emission is almost entirely
suppressed, indicating an efficient transfer of the popula-
tion to the exciton state. For the following measurements
we set the pulse area to π for the excitation and stimula-
tion laser.
To gain insight into the system dynamics we perform

time-resolved photoluminescence measurements of the two
transitions subject to two-photon excitation of the biexci-
ton. The obtained histograms are presented in Fig. 3(a) with

each curve normalized to the sum of its events. The
biexciton directly decays after excitation with a mono-
exponential decay (red line) and a lifetime of ∼179 ps.
Because of the cascaded emission, the population of the jXi
state has to build up before radiative recombination can
occur. This leads to a delayed decay of the exciton emission
(blue line). Taking this into account we extract an exciton
lifetime of ∼293 ps (see Supplemental Material for details
[32]). By applying the stimulation pulse resonant on the
j2Xi ↔ jXi transition shortly after the biexciton has been
prepared, the exciton is instantaneously populated which is
followed by its decay through spontaneous recombination
(light blue line).
We now experimentally demonstrate that this scheme is

capable of enhancing the brightness of the emission from the
exciton state of interest (jXHi). To this end, we present in
Fig. 3(b) the emission intensity of jXHi as a function of the
delay of the two pulses. If the stimulation pulse arrives
before the biexciton is prepared it does not affect the
population of the quantum dot states since it is far red-
detuned from the exciton and two-photon resonance and
phonon-assisted excitation processes have a negligible
impact [48,49]. As a consequence, both decay paths of
the cascade have an equal probability which leads to the
detection of only half of the photons emitted from the exciton
stateswhen polarization filtering on the emission from jXHi.
Increasing the delay of the stimulation pulse increases the
number of detectable photons with a maximum at ∼9 ps
(0.03τX) delay where the measured intensity is almost
twice as high as without the stimulation laser, consequently
overcoming the limitation given by cross-polarized
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FIG. 3. (a) Time-resolved fluorescence measurement of the
quantum dot emission. The exciton decay (blue) is delayed with
respect to the biexciton (red). Adding a stimulation pulse shortly
after the biexciton preparation eliminates that delay (light blue).
(b) Exciton emission intensity as a function of the stimulation
pulse delay.
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FIG. 2. (a) Spectrum of the quantum dot emission after two-
photon excitation of the biexciton. The biexciton (red) is red-
detuned from the neutral exciton transition (blue) by the biexciton
binding energy Eb. The energies of the excitation and stimulation
laser are depicted in green and orange, respectively. (b) Rabi
oscillations between the ground and the biexciton state observed
via the oscillation of the biexciton (red) and exciton (blue)
integrated emission intensity as a function of the excitation laser
power. (c) Integrated biexciton emission intensity as a function of
the square root of the stimulation laser power. The system is
coherently driven between the biexciton and exciton state.
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resonance fluorescence. Further increasing the delay
reduces the advantageous effect of the stimulation laser
since the biexciton has had a higher chance to decay
spontaneously.
As discussed above, two-photon excitation can be used

to realize a near perfect single-photon source in terms of
purity [19,20], but the indistinguishability of the emitted
photons is intrinsically limited by the nature of the
cascaded decay [21]. Adding the stimulation pulse with
a time delay of ∼9 ps does not deteriorate the single-photon
purity. We demonstrate this by measuring the second-order
coherence of the emitted exciton photons after the stimu-
lated population transfer from the biexciton [Fig. 4(a)]. We
obtain gð2Þð0Þ ¼ ð4.2� 2.3Þ × 10−4, i.e., a value nearly 2
orders of magnitude better than the theoretical limit for
resonant excitation of the exciton, which is mainly limited
by a small background from imperfect laser suppression
and dark counts of the detectors. Finally, we study
the indistinguishability of subsequently emitted photons
by measuring the Hong-Ou-Mandel (HOM) visibility
VHOM using an unbalanced Mach-Zehnder interferometer
[Fig. 4(b)] [50]. We observe a maximum value of VHOM ¼
86.4þ0.9

−1.2% for a time delay of ∼9 ps, in good agreement
with the value obtained under resonant excitation for the
quantum dot under investigation (see Supplemental
Material [32]). This observation suggests that the deviation
from the theoretically predicted higher value results from a
limited spectral stability of the studied sample [51].
Importantly, varying the time delay between the excitation
and stimulation pulse, as shown in Fig. 4(c), reproduces the
same behavior of the HOM visibility as predicted by our
simulation. If the stimulation pulse arrives before the
system has been driven to the j2Xi state we observe the
same HOM visibility as without the stimulation pulse
(dashed line). Introducing a short delay (∼9 ps) yields
the maximum indistinguishability followed by a fast
decline even lower than for bare two-photon excitation
with a recovery of the value for delays larger than 3τX. Note
that the experimentally measured visibility over the entire
measurement range is slightly lower compared to the

simulations which arises from neglecting dephasing in
the model (see Supplemental Material for details [32]).
In summary, we proposed a scheme for the generation of

single photons based on two-photon excitation of the
biexciton followed by a stimulation of the biexciton to
exciton transition and demonstrated its potential both
experimentally and in numerical simulations. The scheme
allows for the same low multiphoton error rate as two-
photon excitation of the biexciton, the same indistinguish-
ability as resonant excitation of a two-level system, as well
as high brightness as all emission of interest occurs in the
polarization of the detection channel. Since this scheme
combines the advantages of previously demonstrated exci-
tation methods we expect it to play a significant role in the
future development of high-fidelity deterministic single-
photon sources and their applications in photonic quantum
technologies.
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FIG. 4. (a) Autocorrelation histogram of the exciton emission after stimulated preparation. (b) Correlation histogram of the exciton
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