
HAL Id: hal-03059768
https://cnrs.hal.science/hal-03059768v1

Submitted on 25 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Reproducibility of high-performance quantum dot
single-photon sources

H. Ollivier, Ilse Maillette de Buy Wenniger, Sarah Thomas, Stephen Wein,
Abdelmounaïm Harouri, Guillaume Coppola, Paul Hilaire, Clément Millet,

Aristide Lemaitre, Isabelle Sagnes, et al.

To cite this version:
H. Ollivier, Ilse Maillette de Buy Wenniger, Sarah Thomas, Stephen Wein, Abdelmounaïm Harouri,
et al.. Reproducibility of high-performance quantum dot single-photon sources. ACS photonics, 2020,
7 (4), pp.1050-1059. �10.1021/acsphotonics.9b01805�. �hal-03059768�

https://cnrs.hal.science/hal-03059768v1
https://hal.archives-ouvertes.fr


Reproducibility of high-performance quantum dot single-photon sources

Hélène Ollivier,1 Ilse Maillette de Buy Wenniger,1 Sarah Thomas,1 Stephen
Wein,2 Guillaume Coppola,1 Abdelmounaim Harouri,1 Paul Hilaire,1 Clément

Millet,3, 1 Aristide Lemaître,1 Isabelle Sagnes,1 Olivier Krebs,1 Loïc Lanco,3, 1 Juan
Carlos Loredo,1 Carlos Antón,1 Niccolo Somaschi,4, ∗ and Pascale Senellart1, †

1Centre de Nanosciences et Nanotechnologies (C2N), CNRS,
Université Paris Saclay, 10 Boulevard Thomas Gobert, 91120 Palaiseau, France

2Institute for Quantum Science and Technology and Department of Physics and Astronomy,
University of Calgary, Calgary, Alberta, Canada T2N 1N4

3Université de Paris, Centre de Nanosciences et Nanotechnologies (C2N), F-91120 Palaiseau, France
4Quandela, SAS, 86 rue de Paris, 91400 Orsay, France

Single-photon sources based on semiconductor quantum dots have emerged as an excellent plat-
form for high efficiency quantum light generation. However, scalability remains a challenge since
quantum dots generally present inhomogeneous characteristics. Here we benchmark the performance
of fifteen deterministically fabricated single-photon sources. They display an average indistinguisha-
bility of 90.6 ± 2.8% with a single-photon purity of 95.4 ± 1.5% and high homogeneity in operation
wavelength and temporal profile. Each source also has state-of-the-art brightness with an average
first lens brightness value of 13.6 ± 4.4%. Whilst the highest brightness is obtained with a charged
quantum dot, the highest quantum purity is obtained with neutral ones. We also introduce various
techniques to identify the nature of the emitting state. Our study sets the groundwork for large-scale
fabrication of identical sources by identifying the remaining challenges and outlining solutions.

I. INTRODUCTION

Quantum light sources are key building
blocks for the development of quantum en-
hanced technologies. For instance, indistin-
guishable single photons are needed for mul-
tipartite quantum cryptography [1] and for de-
veloping quantum networks [2, 3]. They also
constitute attractive quantum bits for quantum
computing [4, 5] that do not suffer from deco-
herence and can be operated at room temper-
ature [6]. Quantum light is also sought after
for quantum sensing applications, be it for sub-
shot noise quantum imaging [7] or superresolu-
tion [8].
For a long time, single-photon based tech-

nologies have relied on heralded single-photon
sources, based on probabilistic photon pair gen-
eration in non-linear crystals [9]. However,
these sources suffer from intrinsic limitations,
where the multi-photon probability scales lin-
early with the source brightness and reaching
high efficiencies requires difficult multiplexing
schemes [10, 11].
Semiconductor quantum dots (QDs) have

emerged as an excellent platform to generate
single-photons. After two decades of funda-
mental investigation and technological develop-
ments, a clear path has been laid out to obtain
highly efficient sources of high quantum purity
single photons [12, 13]. Quantum dots behave
like artifical atoms that can emit single pho-
tons on demand. By fabricating a microcavity
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around a QD, these single photons can be effi-
ciently collected while simultaneously mitigat-
ing pure dephasing [14–16].

Despite the excellent performance of QD-
based sources, the scalability of the technology
remains an open challenge because natural QDs
grow at random spatial positions [17] and both
the natural and site-controlled QDs show inho-
mogeneous spectral resonances spanning 2 to 10
meV [18–20]. While several groups in the QD
community have successfully achieved the fab-
rication of single-photon sources with state-of-
the-art performance [21–25], most demonstra-
tions still rely on fabrication techniques where
the spatial and spectral matching of the QD
cavity coupling is not fully controlled. Ob-
taining a good QD-cavity coupling thus re-
lies on testing a large number of devices –
sometimes in the thousands. Such a low con-
trol in the fabrication process is prohibitive for
scalability, since the QD-cavity coupling de-
termines not only the source brightness and
its spectral bandwidth through the Purcell ef-
fect [26, 27], but also its degree of indistin-
guishability [28, 29]. More recently, several
groups have developed techniques to precisely
position the QD in a photonic structure [30–32].
Yet, only a few of them report the performance
of more than one or two devices [13, 33]. How
far these technologies are from a large-scale pro-
duction of identical single-photon sources re-
mains an open question.

In the present work, we address this ques-
tion by benchmarking fifteen sources consist-
ing of single QDs inside micropillar cavities.
The sources are deterministically fabricated us-
ing the in-situ cryogenic photolithography tech-
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Figure 1. Single-photon source devices and
operating setup. (a) Scanning electron micro-
scope image of one of the samples under study:
each wheel-shaped structure represents a single mi-
crocavity coupled to a single QD transition. (b)
Optical microscope image of another sample under
study. Labels refer to the source numbering used
hereafter in the benchmarking. (c) Schematic of the
optical setup used for resonant cross-polarization
excitation of the QD devices. (d) Typical second-
order correlation histogram g(2)(t) as a function
of the delay between two detectors and (e) typi-
cal second-order correlation in a Hong-Ou-Mandel
two-photon interference experiment.

nique [34]. They are operated under resonant
excitation in order to obtain the highest degree
of quantum purity. For each source, we mea-
sure the single-photon purity, indistinguisha-
bility, brightness, and study the reproducibil-
ity in operation wavelength and temporal pro-
files.Two types of sources are studied based on
different optical transitions: one based on a
neutral exciton and the other on a trion, which
is a charged exciton. We demonstrate new tech-
niques for identifying these optical transitions,
and discuss the physics that determines the
source characteristics. Finally, we outline the
remaining challenges for larger scale fabrication
of identical sources.

II. DEVICES AND OPERATION

A scanning electron microscope (SEM)
image and an optical microscope image of

two samples are presented in fig. 1a and b
respectively. The sources that we study are
composed of a single semiconductor InGaAs
QD embedded in a micropillar λ-cavity with
14 (28) GaAs/AlAs Bragg pairs in the top
(bottom) mirror. A 20 nm-thick Ga0.1Al0.9As
barrier, positioned 10 nm above the QD layer,
is used to increase the hole capture time inside
the QD [35]. By creating an electron-hole pair
in the QD with an additional laser, we can
trap a hole since the electron quickly escapes
whereas the hole can not [36]. This technique
allows us to optically control the QD charge
state. The fabrication process makes use of the
cryogenic in-situ lithography technique that
allows to position the pillar center within 50
nm of the QD and to adjust the pillar cavity
diameter to ensure the spectral resonance
between the QD and the cavity lines [34].
The pillar is connected through bridges to
a circular frame and a large mesa structure
where electrical contacts are attached [37].
This allows us to fine-tune the QD-cavity
resonance via the Stark effect [37, 38].

In the following, we report on sources from
five samples (labelled from A to E) fabricated
from the same 2-inch wafer grown by molec-
ular beam epitaxy (MBE). Each sample con-
tains 15 to 30 sources. Only a few sources were
investigated on samples A through C and all
sources were investigated on samples D and E.
Among the studied sources, we selected those
giving a first lens brightness greater than 5%.
For samples D and E, it was the case for 6 and
4 sources respectively, corresponding to 20 to
25% of sources per sample. The labels in fig.
1b show the corresponding sources for sample
D.

Highly indistinguishable photons are
obtained from QDs when using resonant exci-
tation [39, 40]. A typical setup for this purpose
is presented in fig. 1c. A laser providing 15 ps
pulses at a repetition rate of 81 MHz is set
to be resonant with the QD transition. The
excitation beam enters the setup through a
single-mode fiber; then a first telescope (not
shown in the figure) optimizes the spatial over-
lap of the beam with the fundamental mode
of the micropillar [34, 41]. An input polarizer
sets the polarization along the reflection axis
of a polarizing beam splitter (PBS). The beam
is sent through a 0.45 NA objective to a low
vibration cryostat where the sample is cooled
down to 7 K. The QD emission is collected in
the transmission mode of the PBS, orthogonal
to the input polarization. A half-wave plate
(HWP) and a quarter-wave plate (QWP)
are used together to control the polarization
with respect to the cavity axes and to correct
for polarization ellipticities induced by the
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setup. In the collection mode of the PBS, a
second polarizer improves laser extinction and
a second telescope adjusts the single-photon
beam diameter to match the collection fiber
mode.

Fig. 1d and 1e present typical second-
order correlation histograms characterizing the
single-photon purity 1−g(2)(0) and the pho-
ton indistinguishability, here measured on de-
vice S7. The g(2)(0) is given by the in-
tegrated coincidences around zero delay nor-
malized by the area of the side-band peaks.
The indistinguishability is measured via two-
photon Hong-Ou-Mandel (HOM) interference
in a path-unbalanced Mach-Zehnder interfer-
ometer, where two consecutive single photons
initially separated by about 12 ns interfere at a
beam splitter [12, 15]. The raw indistinguisha-
bility is given by VHOM = 1− 2A0 where A0 is
the ratio of coincidences at zero delay to the av-
eraged coincidences of the uncorrelated peaks.
The examples in fig. 1 correspond to g(2)(0) =
0.0237± 0.0004 and VHOM = 0.895± 0.002.

III. TWO TYPES OF SOURCES

Using the cross-polarization setup depicted
in fig. 1c, the source operation relies on the
ability of the QD optical transition to generate
light in a polarization orthogonal to the excita-
tion. The emission process differs substantially
depending on whether the optical transition un-
der consideration is an exciton or a trion, which,
as we explain in this section, leads to significant
differences in the source performance.

A. Exciton based sources

We first analyze the exciton, which corre-
sponds to a three-level system, as depicted in
fig. 2a. It comprises a single ground state
|g〉 and the two intrinsic exciton eigenstates—
hereafter labelled |V ′〉 and |H ′〉— leading to
an emission in the corresponding linear polar-
ization V ′ and H ′. The two exciton states
present a fine-structure splitting (FSS) ∆FSS =
EV ′ − EH′ which is an energy difference aris-
ing from the Coulomb exchange interaction in
a spatially anisotropic QD [42].
The micropillar is not perfectly circular and

therefore the cavity itself presents a small
anisotropy leading to two nearly-degenerate
linearly polarized fundamental cavity modes.
The energy difference typically amounts to 30-
70 µeV which is smaller than the cavity spectral
linewidth of 150-300 µeV. These two modes,
which we label V and H, cause an effective bi-
refringence: when the excitation polarization

is not aligned to H nor V , the portion of the
excitation beam that is coupled to the cavity
sees its polarization rotated. Such polarization
rotation, recently used to measure the cavity
coupling accurately [41], leads to laser signal in
the collection path. By choosing the excitation
to be parallel with an axis of the cavity, this
cavity rotated light is suppressed in the collec-
tion mode. In the following, we assume the
excitation polarization is parallel to V and the
single-photon collection mode is H. The quan-
tum states of the exciton that have a dipole
parallel to V and H are given by{

|V 〉 = cos(θ) |V ′〉 + sin(θ) |H ′〉
|H〉 = − sin(θ) |V ′〉 + cos(θ) |H ′〉 , (1)

where θ, presented on fig. 3a, is the angle be-
tween the optical polarization axis of V and
the dipole orientation of the exciton eigenstate
|V ′〉.

In a simplified framework where the Purcell
effect dominates and pure dephasing effects are
negligible, the cavity amplitudes can be adia-
batically eliminated to obtain an effective non-
hermitian Hamiltonian that describes the emis-
sion process [43]:

Heff =
(
EV ′− i~2τ

)
|V ′〉 〈V ′|

+
(
EH′− i~2τ

)
|H ′〉 〈H ′| ,

(2)

where τ is the total Purcell-enhanced emis-
sion lifetime, which for small cavity asymmetry
is assumed to be the same for both excitonic
states.

Starting from the excited state
|ψ(t = 0)〉= |V 〉 and following a pi-pulse
excitation, the time evolution of the exciton is
described by

|ψ(t)〉 = cos(θ)e−i
E
V ′ t
~ e−

t
2τ |V ′〉

+ sin(θ)e−i
E
H′ t
~ e−

t
2τ |H ′〉 .

(3)

The single-photon emission collected from
the H mode is then proportional to

| 〈H|ψ(t)〉 |2 = e−
t
τ sin2

(
t∆FSS

2~

)
sin2(2θ).

(4)
This simple model explains important fea-

tures. A V -polarized excitation creates an exci-
ton state that has no overlap with the H mode
at t = 0. The single-photon emission along H
is thus time delayed from the excitation, with
a timescale inversely proportional to the FSS.
While both components of the excited state de-
cay with the total decay rate 1/τ , the emission
in the H polarization is modulated by the time-
dependent oscillation induced by ∆FSS. In the
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Figure 2. Two types of sources under study. (a) and (c) Schematics of the energy levels and optical
selection rules for a single-photon source based on an exciton (a) and a trion (charged exciton) (c). (b)
Time evolution of the emission for a source based on an exciton (S7), plotted linearly in the upper panel
and logarithmically in the lower one. (d) Time evolution of the emission for a source based on a trion
(S11). The black points are the experimental data, the red curves are the fits to the theoretical models
for total intensity, which include the contribution from the laser (orange curves). The blue curve is the
emission arising from the exciton (eq. (4)) after taking into account the timing jitter of the detector.

limit where ∆FSS → 0, no emission from an ex-
citon in cross-polarized collection mode is ex-
pected. In addition, note that if the exciton
axes are aligned along the cavity axes so that
θ = 0, no cross-polarized emission takes place
either. On the other hand, the collection is
most efficient when θ = π/4.

The measured decay dynamics of an exciton
is shown in fig. 2b for source S7. For visual-
ization purposes, the light of the laser was not
perfectly extinguished for these data so that
we detect both the laser pulse and the exci-
ton emission dynamics to compare the relative
timescales. The maximum of the single-photon
emission is delayed by approximately 200 ps
from the laser excitation pulse. The overall
exponential decay is governed by the Purcell-
enhanced spontaneous emission rate, and is
also modulated by the phase dependence of the
frequency components H ′ and V ′ at the rate
∆FSS. The experimental observations are ac-
curately reproduced by eq. (4) using the fol-
lowing parameters: τ = 252±3 ps and ∆FSS =
8.58±0.03 µeV. The damping of the oscillations
observed in the lifetime curve were found to be
consistent with a finite gaussian detector jit-
ter time with a full width at half maximum
(FWHM) of 53 ps, which also dominated the
observed width of the 15 ps Gaussian excita-
tion pulse.
All the different excitons studied in this work

show a FSS value ranging roughly from 5 to 10

µeV . Such emission process, governed by the
QD and cavity asymmetries, adds extra chal-
lenges to the fabrication of identical sources.
These complex features are circumvented when
one considers sources based on a trion, as dis-
cussed in the following.

B. Trion based sources

When the QD contains a single charge, here
a hole, the energy levels and optical selection
rules are different. In the absence of an in-plane
magnetic field, no linear polarization direction
is favored and the optical transition rules can
be written in the H−V cavity axes basis. The
system ground state is composed of two degen-
erate energy levels of the hole spin state |⇑〉 and
|⇓〉, which we define with a quantization axis
parallel to H. The excited trion states |X+

⇑ 〉
and |X+

⇓ 〉 correspond to two holes with oppo-
site spin states and one electron. The optical
selection rules governing these transitions are
summarized in fig. 2c: each excited state is
connected to both ground states through two
optical transitions with linear orthogonal po-
larizations.

From this picture, it is straightforward to
note that in the absence of spin initialization,
namely when the hole spin is a mixture of spin
up and down states, a V -polarized optical exci-
tation leads to a population of both trion states,
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Figure 3. Line identification through cavity-
induced birefringence. (a) Schematic of the var-
ious polarization directions involved in the system:
cavity axes V and H, exciton axes V ′ and H ′ and
polarization of the excitation and collection, Vexc
and Hcoll respectively. (b) Spectra obtained for dif-
ferent values of the polarization angle of the exci-
tation laser φ, illustrating the cavity birefringence
contribution. The upper panel corresponds to S5,
with the narrower signal from the QD highlighted
in green, and the lower panel corresponds to S13,
with the narrower signal from the QD highlighted
in pink. In both panels, the broader blue curve
is the cavity rotated light. (c,d) Emission spectra
measured as a function of φ for two devices S5 (c)
and S13 (d). The broader emission lines correspond
to the signal arising from the cavity birefringence,
the narrower lines to the QD emission. (e) and (f)
Intensity of the line arising from the cavity bire-
fringence in blue and from the QD emission line in
green (red) as a function of the angle φ, for the exci-
ton (trion). The cavity rotated light curve in panels
(e,f) are the maximum of the broader peak in pan-
els (c) and (d) respectively. The exciton and trion
curves are the maximum of the narrower peaks, mi-
nus the linearly interpolated value of the broader
peak (cavity rotated light).

that each radiate with 50% probability along
H. This happens on the timescale of the exci-
tation pulse, as opposed to the previous case of
the exciton.
The illustrated selection rules lead to the

generation of single-photon wavepackets with
a mono-exponential decay, where the rise time
is governed by the excitation pulse length and
the decay time by the Purcell-enhanced spon-
taneous emission rate. Fig. 2d shows the emis-
sion dynamics of the trion-based single-photon
source S11. The emission intensity now shows a
rapid rise time followed by a mono-exponential
decay with a lifetime of 164.9 ± 0.9 ps. Here,

the finite detector response of roughly 50 ps is
consistent with the observed rise time.

As shown in the following, the nature of the
optical transition does not only control the tem-
poral profile but it also determines the bright-
ness and single-photon purity of the sources. It
is therefore important to develop tools to iden-
tify the nature of the transition.

Advanced equipment is required to observe
the exciton splitting, either for high resolu-
tion spectral analysis or, as shown in fig 2b,
high temporal resolution of the emission dy-
namics. In the next section, we demonstrate
another simple identification tool based on the
polarization-dependent optical selection rules.

C. Rotated emission identification method

The performance of each source is deter-
mined both by the nature of the transition and,
in the case of excitons, the orientation of the
cavity axes with respect to the QD dipoles. In
this context, it is useful to analyze the emis-
sion collected in cross-polarization when turn-
ing the excitation polarization Vexc by an angle
φ with respect to the cavity axes, see fig. 3a.
In the experimental configuration described in
fig. 1c, the collection polarization is set orthog-
onal to the excitation polarization by the PBS,
hence in the Hcoll polarization direction (see
fig. 3a). For φ = 0, the excitation is parallel
to the V cavity axis and only the spectrally nar-
row emission arising from the QD is collected
in the H-mode, which corresponds to the con-
figuration used for the source operation. How-
ever, when φ is different from 0 deg or 90 deg,
an additional broader emission line is visible
as shown in fig. 3b for the two devices S5
and S13. This broader emission arises from
the birefringence of the cavity, as explained in
subsection IIIA. For better visualization of the
cavity-induced light rotation, we used 3 ps laser
pulses, which are spectrally broader than the
cavity linewidth. The emission of the cavity
rotated light is maximal for around φ = 45◦
and 135◦ [41].

Fig. 3c shows the emission spectra measured
for the exciton S5, as a function of φ. Fig. 3e
presents the intensity of the cavity rotated light
and the QD emission as a function of φ. The
emission arising from the exciton has a sinu-
soidal dependance with φ. A laser polarized
along one of the exciton axes V ′ or H ′ (θ = 0 or
π/2) excites an eigenstate of the system and no
emission takes place in the orthogonal polariza-
tion. The emission of the exciton thus depends
on the angle between the incident polarization
and the exciton axes (θ−φ). This measurement
also allows to determine θ, the angle between
the cavity polarization and the exciton axes,
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Figure 4. Performance of fifteen single-photon sources. (a) Second-order correlation values g(2)(0),
characterizing the single-photon purity, (b) mean wavepacket overlap, (c) first lens brightness and (d)
operation wavelength. The green squares represent sources based on excitons and the orange diamonds
represent sources based on trions. The horizontal solid lines show the mean value for each type of sources.
The excitons present an average g(2)(0) of 2.89 ± 0.74%, an average indistinguishability of 92.8 ± 1.1%
and an average first lens brightness of 11.5 ± 3.7%. The trions present an average g(2)(0) of 5.42 ± 0.92%,
an average indistinguishability of 89.5 ± 2.8% and an average first lens brightness of 14.7 ± 4.6%. (e)
Table gathering the measured single-photon rates using a ∼ 30% efficient single-photon detector and their
corresponding fibered single-photon rates at the output of a single-mode fiber. (f) Temporal profiles of
trion-based sources showing an average exponential decay lifetime of 180 ps with a standard deviation of
17 ps.

an important parameter for the source bright-
ness (see eq. (4)). Fig. 3d and 3f show the
same experiment and analysis on a trion-based
source S13. The rotated light arising from the
cavity has the same sinusoidal dependence but
the trion emission is now independent of φ. In-
deed, the selection rules illustrated in fig. 2c
can be rewritten in any two-orthogonal linear
polarization basis and the amplitude of the QD
emission in the polarization orthogonal to the
excitation is independent of the orientation of
the excitation.

IV. SOURCE BENCHMARKING

We now discuss the benchmarking of fifteen
devices, whose main quantum properties are
presented in fig. 4. We consider not only
the figures of merit defining each source per-
formance (single-photon purity, indistinguisha-
bility and brightness), but also the emission
wavelength and temporal profile, that are crit-

ical characteristics for large-scale fabrication of
identical sources. All figures of merit are re-
ported using π-pulse excitation [44] with 15 ps
pulses at a repetition rate of 81 MHz.

Fig. 4a shows the g(2)(0) values of the
sources, with an average of 4.6 ± 1.5%. The
single-photon purity (1−g(2)(0)) is systemati-
cally higher for excitons than for trion sources.
This can be understood by comparing the dif-
ferent emission processes for each source type
in cross-polarization (shown in fig. 2b and
fig. 2d). Since the emission from the exciton
through the H mode of the cavity is delayed
compared to the excitation pulse, the proba-
bility that the quantum dot gets re-excited af-
terwards is low because the excitation pulse is
over. In the case of a trion, the emission pro-
cess in cross-polarization begins on the same
timescale as the pulse and so there is a higher
probability of re-excitation of the transition
within the same excitation pulse, leading to the
emission of a second photon [45, 46].

Fig. 4b shows the mean wavepacket overlap
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between two consecutive single photons emit-
ted with a 12 ns delay. These values are
obtained from the HOM visibility histogram
and corrected from the corresponding non-zero
g(2)(0) [47]. The mean wavepacket overlap
over the various sources is quite homogeneous,
with an average value of 90.6 ± 2.8%. Note
that this indistinguishability is obtained with-
out spectral filtering and thus it includes the
contribution from the phonon sideband, which
is strongly suppressed by the cavity funneling
effect [16, 29]. The slightly lower indistin-
guishability values of the sources from sample
E are likely due to a higher temperature on
that chip (around 10-11 K). These observations
also show that, despite a very different tempo-
ral structure of the single-photon wavepacket
in the case of exciton based sources, the coher-
ence is highly preserved in the frequency do-
main over the emission process.
The source brightness corresponds to the

probability to obtain a single photon for a
given excitation pulse. It is defined as the col-
lected single-photon rate divided by the exci-
tation repetition rate [48]. This probability is
measured at the output of the collection fiber
and then deduced at the first lens (fig. 4c).
Both values depend on the global efficiency of
our setup (transmission and output coupling),
which is approximately 40%. The average first
lens brightness is 13.6 ± 4.4%, which is on par
with state-of-the-art values using a 0.45 NA col-
lection objective.
In a cross-polarization setup using cavities

with a small birefringence, both the first lens
and fibered brightness are limited to at most
50% due to the rejection of photons orthogo-
nally polarized to the collection mode. How-
ever, this limit can be overcome using polar-
ized cavities [13]. In addition, the brightness
is limited by the extraction efficiency, which is
intrinsic to the cavity and is very similar for
all pillars (∼ 65%), and also by the occupation
probability of the QD charge state. Indeed, the
rather large variation in brightness among the
trion sources could be reduced by a better con-
trol on the occupation probability of the hole in
the QD [36]. The brightness of an exciton based
source further depends on both θ and the rela-
tive values of ∆FSS and the emission rate 1/τ .
Because the values of θ and FSS are not con-
trolled during fabrication, excitons tend to be
slightly less bright than trions.
The table in fig. 4e presents the fibered

single-photon rate obtained by dividing the de-
tected count rates measured at the output of a
single-mode fiber by the efficiency of our silicon
based avalanche photodiode (30% detection ef-
ficiency at ∼925 nm). It is also worth noting
that we use a long-distance microscope objec-
tive with a numerical aperture of 0.45 that is

placed outside of the cryostat. This limits the
brightness because not all of the emission is col-
lected by the objective. Also, this spatial trun-
cation of the beam leads to a deformation of the
wavefront which reduces the coupling into the
single-mode fiber of typically 50 to 60%. Such
collection efficiency could be strongly improved
by inserting a high numerical aperture lens into
the cryostat itself.

V. PERSPECTIVES FOR
SCALABILITY

Our systematic study of a large number of
single-photon sources allows identification of
the remaining challenges for the fabrication of
remote sources generating highly identical pho-
tons. In this context, a key parameter is the
source operation wavelength. The typical in-
homogeneous broadening of the InGaAs QDs
spectum is around 30 nm. However, the in-
situ lithography allows us to select QDs in a
small spectral range and to fabricate pillars
with the correct diameter to match the QD
resonance [37]. Fig. 4d shows the optimal
operation wavelength of the sources. Over-
all, a small deviation of the operation wave-
length is observed with an average wavelength
of 924.7 nm with a standard deviation of only
0.5 nm. When considering sources fabricated
on the same part of the original wafer, this devi-
ation is substantially reduced with 0.06 nm for
D and 0.12 nm for E, showing the high degree
of control provided by the in-situ lithography.
Thus, we conclude that a higher homogeneity
in the growth process across the wafer, as typ-
ically obtained from industrial epitaxy growth
systems, would increase the yield of sources op-
erating at the same wavelength. Note that the
residual 0.06 nm of deviation can be compen-
sated via Stark tuning with minimal reduction
to the brightness considering that the typical
linewidth of our micropillar cavities is 0.2 nm.
The temporal profile of the single-photon

wavepackets is also another important feature
to consider. We show that the challenges are
different for sources based on neutral or charged
QDs in a cross-polarized setup. Controlling the
temporal profile of a exciton based source is
challenging because it requires control of the
fine-structure splitting and the relative axes ori-
entation of the cavity and QD. Such complete
control was not achieved here, but many tools
have been developed in the last few years to
control both the exciton fine-structure split-
ting [49] and the cavity birefringence [13]. On
the other hand, we find that the temporal pro-
files of the trion-based sources are very consis-
tent across all samples, with an average decay
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time of 180 ps and a standard deviation of only
17 ps (see fig. 4f).
The most promising path to scalability thus lies
in the development of trion based sources where
higher single-photon purity can be obtained by
using shorter excitation pulses to reduce the
probability for re-excitation. Such short pulses
have not been used here due to the chromatic
dependence of the polarization rejection appa-
ratus. Using a specially designed highly achro-
matic polarization control or a side excitation
scheme [50] would improve of the sources per-
formance. Finally, we note that the variation
in the brightness of the trion-based sources is
rather large. This is due to an imperfect control
of the QD charge state. This could be improved
by applying an electric field during the in-situ
lithography process, which would allow us to
explore the different available charge states and
their characteristics prior to the QD selection
and cavity definition.

VI. CONCLUSION

We have benchmarked a large number of
single-photon sources based on semiconductor
QDs. The present technology is based on the
deliberate choice of using naturally grown QDs,
which currently have a higher quantum pu-
rity than site controlled QDs [51, 52]. Despite
the QD random distribution, in both spatial
and spectral degrees of freedom, our technology
based on selecting the QDs during an in-situ-
lithography step and building a tailored cavity

around them, allows us to obtain a large num-
ber of sources with highly homogeneous prop-
erties. The first-lens brightness is shown to
reach state-of-the-art values for resonant ex-
citation with a highly reproducible indistin-
guishability of 90.6 ± 2.8%. Moreover, we dis-
cussed the physics of the sources behaviour in
a cross-polarized resonant excitation scheme,
and identified the parameters controlling the
wavepacket temporal profile, the source bright-
ness and the single-photon purity. The present
study shows a clear path for scaling the fab-
rication process where highly identical remote
sources could be obtained using a trion.
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