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Semiconductor quantum dots in cavities are promising single-photon sources. Here, we present a
path to deterministic operation, by harnessing the intrinsic linear dipole in a neutral quantum dot via
phonon-assisted excitation. This enables emission of fully polarized single photons, with a measured
degree of linear polarization up to 0.994� 0.007, and high population inversion—85% as high as resonant
excitation. We demonstrate a single-photon source with a polarized first lens brightness of 0.50� 0.01, a
single-photon purity of 0.954� 0.001, and single-photon indistinguishability of 0.909� 0.004.
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The path towards an optimal single-photon source
requires finding a scheme in which single photons are
generated in a well-defined spatial and polarization mode,
with near-unity efficiency, purity, and indistinguishability.
A device with these properties is highly sought after for
the advancement of quantum technologies such as secure
long-distance quantum communication [1] and quantum
computing [2–4]. Several platforms towards optimized
single-photon sources are being developed, including spon-
taneous parametric down-conversion (SPDC) [5–7] and
four-wave mixing (FWM) [8,9]. These nonlinear optical
sources have an intrinsic efficiency limitation, and various
multiplexing schemes are currently being explored to over-
come this [9–13]. Sources based on semiconductor quantum
dots (QDs) in microcavities have recently shown their
capability to deliver high purity, indistinguishable single
photons with record brightness [14–18]. With an efficiency
per photon more than 1 order of magnitude higher than
sources based on frequency conversion, QD sources have
already allowed a substantial scaling up of optical quantum
computing [19].
Despite this impressive progress, current QD sources are

still far from the ideal deterministic performance that would
provide a single photon in a pure quantum state with unity

probability. This ambitious goal requires a scheme that
maximizes every single parameter controlling the source
efficiency, including full inversion of the quantum dot
transition, followed by the emission of a single photon with
unity quantum purity, and perfect collection of the photon
into a well-defined polarized optical mode. Coherent
control of a QD has allowed generation of single photons
in pure quantum states [20], and near-unity population
inversion has been obtained through more sophisticated
techniques such as rapid adiabatic passage [21,22].
Unpolarized collection efficiencies of up to 78% have
been demonstrated with micropillar cavities [14,15].
However, obtaining such high performance into a polarized
mode remains challenging. So far, the most efficient
sources have used resonant excitation of a charged exciton
state, which inherently emits unpolarized photons. When
using unpolarized cavities, only half of the single photons
are collected through polarization filtering [14,15,23]. Very
recently, polarized cavities were used to accelerate sponta-
neous emission into one linear polarization, providing
nearly a factor of 2 gain in the source efficiency [18,24].
Here, we propose a different path towards deterministic
operation—making use of the linearly polarized optical
transitions of a neutral quantum dot, which arise due to its
natural anisotropy, to directly generate and collect polarized
single photons.
Neutral QDs have a three-level energy structure, as

shown in Fig. 1(a) where two excitonic eigenstates, labeled
jXi and jYi, are separated by the fine structure splitting,
ΔFSS [25]. The optical transition between the QD ground
state jgi and one of the exciton states corresponds to a
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linearly polarized dipole. While optical quantum technol-
ogies require polarized single photons, direct use of such a
linear dipole has not been considered so far. Indeed, the
generation of single photons with near-unity indistinguish-
ability has only been reached under resonant excitation, a
technique which is not applicable to a single linear dipole
since the single photons have the same wavelength and
polarization as the excitation laser and cannot be easily
separated.
To overcome this limitation, we propose the use of an

off-resonant phonon-assisted excitation scheme, which
uses a slightly spectrally detuned laser that can be easily
separated from the single photons. This excitation scheme
has recently been theoretically proposed to reach both high
QD inversion probability and high quantum purity [26–28],
and relies on a detuned strong optical pulse that dresses the
ground and excited states of the optical transition. During
the pulse duration, the system relaxes between the dressed
states through the emission of longitudinal-acoustic (LA)
phonons. A strong occupation of the excited state is
obtained following an adiabatic undressing of the dressed
states during the switch-off of the excitation pulse. After the
first observation of such phonon-assisted excitation [29],
further theoretical studies predicted this excitation scheme
should also provide near-unity single-photon purity, indis-
tinguishability, and occupation probability [27,28]. The
combination of this phonon-assisted excitation scheme
with the use of a QD linear dipole thus appears as a
promising route towards deterministic polarized single
photon sources.
We study LA-phonon-assisted excitation of a linear

dipole in a neutral QD deterministically located at
the center of an electrically connected micropillar cavity
[Fig. 1(b)] [14]. We study two samples (A and B) with a
quality factor of around 4000 (10 000), respectively. The
cavities are almost circular and exhibit two linearly
polarized cavity modes typically separated by ≈70 μeV
(≈30 μeV), more than 4 times smaller than the cavity
linewidth of ≈300 μeV (≈150 μeV). These devices have
previously been shown to provide reproducible, high-
performance single-photon generation under strictly reso-
nant excitation, where the excitation laser was separated
from the emitted photons via cross polarization. This
reduced the polarized collection efficiency by a factor of
2, and the polarized first lens brightness BFL—the prob-
ability per pulse to collect a polarized single photon at the
first objective lens above the micropillar cavity—was
limited to at best BFL ≈ 25% [14,23].
In the present work, we implement LA-phonon-assisted

excitation and set the excitation laser to be blue-detuned
from the QD transition by approximately 0.6 nm, corre-
sponding to a phonon energy of around 1 meV. The
excitation pulse is derived from a 3 ps pulsed Ti-sapphire
laser centered at around 924.2 nm, which is shaped using a
4-f filtering system to obtain pulses with tunable temporal

length from 12 to 22 ps and negligible spectral overlap with
the QD emission at 924.8 nm. The single photon emission
has a bandwidth of approximately 5 pm (10 pm) for sample
A (B), and is separated from the pump laser using three
high-transmission 0.8 nm bandpass spectral filters. The
samples are placed in a closed-cycle cryostat and cooled to
around 8 K (7 K) for sample A (B). For more experimental
details, see the Supplemental Material [30].
We can visualize the two linear dipoles of the neutral QD

by varying the linear polarization of the excitation laser,
and measuring the single photon emission in the orthogonal
polarization, as shown in Fig. 1(c). The intensity collected
in cross polarization goes to zero when the polarization is
aligned along one of the exciton linear dipoles and is
maximum in between [23]. We can set the polarization of
the excitation laser to excite just one of the excitonic
dipoles, and the system reduces to an effective two-level
system, fjgi; jXig. The measured spectra of the single
photons when collecting parallel or orthogonal to the X
polarization direction are shown in Fig. 1(d), evidencing
strongly polarized emission. By calculating the integrated
intensity measured in parallel (crossed) polarization Ik (I⊥),
we find a degree of linear polarization, DLP ¼
½Ik − I⊥�=½Ik þ I⊥� ¼ 0.994� 0.007 for device A1 on
sample A. The same measurement was performed for

(a) (b)

(d)(c)

FIG. 1. (a) Energy level structure of a neutrally charged
quantum dot, with exciton eigenstates jXi and jYi, separated
in energy by ΔFSS. The excitation pulse is blue-detuned from the
transition by an energy of ΔLA, or equivalently detuned in
wavelength by Δλ. (b) A schematic of the quantum dot deter-
ministically embedded at the center of an electrically contacted
micropillar cavity [14] (c) Polar plot of the cross-polarized
emission intensity measured under phonon-assisted excitation
as a function of the incident polarization angle. (d) Spectrum of
the emitted photons when exciting only the X dipole of a neutral
exciton and collecting in the parallel (blue) or orthogonal
(red) basis.
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two further different exciton-based devices on sample A
(devices A2 and A3) demonstrating linear polarization
degreeDLP of 0.981�0.004 and 0.971�0.001. This polari-
zation degree significantly exceeds what is accessible using
the polarized Purcell effect in asymmetric cavities, with
maximal values of 0.92 in optimized structures [18,24]—a
limitation that arises from a compromise between reducing
the cavity linewidth (to obtain large cavity splitting to
linewidth ratios), and remaining in the weak coupling
regime. With the current approach, there is no fundamental
limit to the degree of polarization that could be reached.
Even if the two linear dipoles present a slight nonortho-
gonality, which arises when the quantum dot shape and
strain anisotropies do not coincide [32,33], it is always
possible in principle to excite just a single dipole by
aligning the excitation light to be orthogonal to the other
dipole axis. The values of DLP that we measured are
slightly less than the ideal value of 1 due to a slight
imperfection in the precise alignment of the polarization
axis inside the cavity.
We now investigate the QD occupation probability, pLA

QD,
which can be obtained through LA-phonon-assisted exci-
tation compared to the one achieved under resonant
excitation pRF

QD. To do so, we compare the single photon
emission in a cross-polarization configuration, to be able to
separate single photons from the laser for both excitation
schemes. We study a charged exciton on sample B, which
corresponds to a four-level system that acts as an effective
two-level system when collecting the emission in cross
polarization [23], in order to directly compare the two
excitation schemes. Figure 2 presents the single-photon
counts detected under strictly resonant excitation (black)

and using LA-phonon-assisted excitation (colored) for a
pulse duration of (17� 2) ps and various detunings from
resonance as a function of the pulse area experienced by the
quantum dot. The pulse area is proportional to the square
root of the intracavity power, which is obtained by using the
measured optical input power sent onto the cavity and
the cavity transmission function at various detunings from
the optical resonance. Higher input optical power is
required to achieve the same intracavity pulse area for
larger detunings. The error bars on the intracavity pulse
area come from the uncertainty on the measured detunings.
The resonant excitation data exhibits well-known Rabi
oscillations reflecting the coherent control of the optical
transition. Conversely, the LA-phonon-assisted excitation
scheme does not show oscillations but a single rise and then
slow decrease of the signal. The brightness of the single-
photon emission is much less sensitive to both the laser
power and detuning for LA-phonon-assisted excitation as
compared to resonant excitation, which shows that this
scheme is significantly more robust to experimental drifts
and instabilities. The solid lines in Fig. 2 show the
theoretical predictions based on the model presented in
Ref. [28] for our experimental parameters, assuming a
quasi-Gaussian pulse with a FWHM duration of 16 ps (see
Supplemental Material [30] for pulse shape). The theoreti-
cal model demonstrates good agreement with the exper-
imental data. The measured occupation probability under
LA-phonon-assisted excitation is as large as 0.85� 0.01
compared to that reached under resonant excitation, dem-
onstrating the high efficacy of this scheme. Such high
occupation probability is also observed on device A3 as
shown below and is on par with previous observations [34].
Theory indicates that the QD occupation probability could
be brought even closer to unity using a lower temperature
and developing appropriate temporal shaping of the exci-
tation laser [35].
We now focus on using a single linear dipole of a neutral

exciton as a bright, polarized single-photon source. We
investigate a neutral exciton (device A3) and measure the
polarized brightness, single-photon purity, and indistin-
guishability of the emitted photons. Figure 3(a) shows the
polarized first lens brightness and second-order autocorre-
lation, gð2Þð0Þ, as a function of the laser power for resonant
and LA-phonon-assisted excitation. In order to evaluate the
first lens brightness, BFL, we precisely calibrate all losses
and the detector efficiency of our experimental setup (see
Supplemental Material [30] for the loss budget). For
resonant excitation, the polarization of the excitation laser
is aligned along one of the cavity axes and excites a
combination of both X and Y optical transitions [23]. The
brightness of the emission in cross polarization depends on
the angle between the dipole axes and the cavity axes,
which for this particular device (device 5 in Ref. [23]) leads
to a 15% first lens brightness. For LA-phonon-assisted
excitation the laser is aligned in polarization along the
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FIG. 2. Measured intensity of single-photon emission from a
charged exciton on sample B collected in cross polarization for
resonant excitation (black) and LA-phonon-assisted excitation at
various detunings, Δλ, as a function of the pulse area experienced
by the quantum dot inside the cavity. The brightness is normal-
ized to the maximum intensity achieved under resonant excita-
tion. The sample is cooled to 7 K and the measured pulse duration
is ð17� 2Þ ps. The solid lines give the theoretical prediction
based on the model in Ref. [28] for a quasi-Gaussian pulse with
FWHM duration of 16 ps, and the lines are mostly superimposed
for the detunings explored.
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X dipole axis, and blue-detuned by 0.85 nm with pulse
duration of 13 ps. We can see that the polarized brightness
reaches a value of 37% for these parameters—already more
than a factor of 2 brighter than for resonant excitation.
Figure 3(b) shows the second-order autocorrelation

gð2Þð0Þ as a function of power for the two excitation
schemes. At maximum brightness we measure very similar
single-photon purity for LA-phonon-assisted excitation
[gð2Þð0Þ ¼ 0.030� 0.002] and for resonant excitation
[gð2Þð0Þ ¼ 0.039� 0.002]. We further note that a slight
reduction of the gð2Þð0Þ is observed when increasing the
excitation power for the phonon-assisted excitation
scheme, in accordance with theoretical prediction [27]
and in contrast to the case of resonant excitation.
Preliminary theoretical study indicates that the minimal
reachable gð2Þð0Þ value strongly depends on the precise
temporal shape of the laser and could be significantly
reduced.
We also measure the Hong-Ou-Mandel interference

visibility, VHOM, at maximum brightness for LA-phonon-
assisted excitation. We measure VHOM ¼ 0.851� 0.002,
from which we extract the single-photon mean wave packet
overlap [36] of Ms ¼ ½VHOM þ gð2Þð0Þ�=½1 − gð2Þð0Þ� ¼
0.911� 0.003. For resonant excitation we measured
Ms ¼ 0.915� 0.001, demonstrating that the indistinguish-
ability of the emitted photons under LA-phonon-assisted
excitation is the same as the state-of-the-art values obtained
under resonant excitation. We note that a high indistin-
guishability of around 84% had previously been demon-
strated using phonon-assisted excitation of a QD in bulk
[37]. Our study shows that the acceleration of spontaneous
emission needed to obtain bright sources does not prevent
high values of indistinguishability to be reached under
phonon-assisted excitation. In fact the use of a cavity
actually allows further improvement of the indistinguish-
ability via suppression of the phonon sideband.

To find the optimal operational conditions for a bright
single-photon source, we measure the single-photon
purity, indistinguishability, and brightness of device A3
as a function of the detuning, Δλ, and pulse duration of the
excitation laser, τ. For each set of parameters, we adjust
the excitation power to reach maximum brightness. The
gð2Þð0Þ remains mostly unchanged up to 18 ps pulse
duration and increases for longer pulses due to a higher
probability of reexcitation, as shown in Fig. 4(a). The
single-photon indistinguishability is approximately con-
stant at around 0.92 for all the explored parameters, as
shown in Fig. 4(b). For one particular set of parameters we
also measured the single-photon purity and indistinguish-
ability with an additional 10 pm bandwidth etalon filtering
the collected photons, as shown by the open squares in
Figs. 4(a)–4(b). For a detuning of 0.6 nm and a pulse
duration of 20.5 ps we measured gð2Þð0Þ ¼ 0.011� 0.001
andMs ¼ 0.948� 0.001. This additional spectral filtering
improves the gð2Þð0Þ by suppressing any spurious laser
photons as well as any extra spectrally broader photons
due to reexcitation [36]. It also reduces the residual
phonon-sideband emission and hence improves the indis-
tinguishability. However, the etalon used in the present
experimental implementation shows limited peak trans-
mission. With improved, efficient spectral filtering it will
be possible to reach significantly better values of single-
photon purity and indistinguishability while maintaining
the high brightness.
Figure 4(c) shows that higher brightness is achieved for

smaller detunings, which agrees with the theoretical pre-
diction that the phonon-assisted excitation process becomes
ineffective for larger detunings, and the optimal detuning
will depend on the specific quantum dot and phonon
coupling parameters [28]. The brightness also increases

(a) (b)

FIG. 3. (a) First lens brightness and (b) gð2Þð0Þ as a function of
the incident laser power for LA-phonon-assisted and resonant
excitation, for device A3 on sample A. The power is scaled to the
value required for maximum brightness for each excitation
scheme, Pmax. The pulse duration is 13 ps in both cases, and
the LA-phonon-assisted laser is blue detuned from resonance by
0.85 nm.

(a) (c)

(b)

FIG. 4. (a) The second-order autocorrelation, gð2Þð0Þ, (b) sin-
gle-photon indistinguishability Ms, and (c) the first lens bright-
ness, BFL, as a function of the pulse duration and detuning Δλ for
device A3 on sample A. The open square points in (a) and
(b) correspond to the values measured with an additional 10 pm
bandwidth etalon filtering the collected photons.
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for longer pulse durations, but with a slight degradation in
the single-photon purity. For a detuning of Δλ ¼ 0.4 nm
and a pulse duration of τ ¼ 19.5 ps, we obtain a first-lens
brightness of BFL ¼ 0.50� 0.01, a single-photon purity of
P ¼ 1 − gð2Þð0Þ ¼ 0.954� 0.001 and a single-photon
indistinguishability of Ms ¼ 0.909� 0.004. This is more
than a factor of 3 higher than the brightness in resonant
excitation for this device while maintaining state-of-the-art
performance. Considering the extraction efficiency of our
cavities ηext ≈ 0.65, and the theoretically expected
pLA
QD ≈ 0.85, the maximum expected first-lens brightness

is BFL ¼ ηextpQD ≈ 0.55, very close to our experimental
observation. This value could be improved using cavities
with higher extraction efficiencies of ηext ¼ 0.80 [38], and
by improving the QD occupation probability to near-unity
via pulse shaping techniques [35]. In our current exper-
imental implementation, the 50% first lens brightness
corresponds to a detected count rate of 6 MHz using a
69% efficient single photon detector and a laser repetition
rate of 81 MHz. This value is limited by the low optical
transmission of 17% of our experimental setup which could
be considerably improved with optimized spectral filtering
techniques such as custom fiber Bragg gratings which
could filter the excitation laser from the single photons with
an efficiency of over 90%, and by direct coupling of the QD
to an optical fiber with efficiencies of up to 90% [39].
In conclusion, we have reported on a new approach to

bring QD-based single photon sources closer to determin-
istic operation by perfoming off-resonant phonon-assisted
excitation of a linearly polarized dipole of a neutral QD. We
demonstrated that phonon-assisted excitation can enable
indistinguishabilities in the 90%–95% range, at the same
level as resonant excitation, high occupation probability,
and a significant increase in source brightness. As with
resonant excitation, the indistinguishability reported here is
limited by the moderate quality factor of our cavity. Near
unity values should be reached using cavities with stronger
Purcell effects as for resonant excitation [14], which is key
for practical quantum technologies. The use of phonon-
assisted excitation also enables a significant gain in stability
and robustness, since the scheme is resilient to drifts in
QD-laser detuning and excitation power. All these features
are of great importance for practical applications in
quantum technologies. Finally, we note that the use of
phonon-assisted excitation in unpolarized cavities gives the
possibility of exciting and collecting the photons in all
polarization directions, which is critical for the generation
of photonic cluster states using charged excitons [40], and
this demonstration of indistinguishable single photons
using this scheme is an important first step.
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