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Novel quantum information processing schemes likeidear optics quantum
computation and quantum teleportation are based orthe effect of two-photon
interference of two single-photon puls€s® on a beamsplitter. An essential
prerequisite for the successful realization of thesapplications is the possibility to
generateindistinguishable photons. For pulsed operation, the two photons havto
be Fourier transform-limited and identical in terms of pulse width, spectral
bandwidth, carrier frequency, polarization, transverse mode profile, and arrival
time at the beamsplitter. The critical ingredient © create such ‘ideal’ photons is
the process of initial excitation of the emitter, waich strongly influences the
coherence properties and, consequently, the indisguishability of the emerging
photons. So far, indistinguishability tests by twgshoton interference studies have
been reported from different model systems like sigle atom$, trapped ions,

moleculed, and semiconductor quantum dot§ all of which were subject to an



incoherent preparation of their corresponding radiative states Here we
demonstrate purely resonant continuous-wave optical laser excitation ta@woherently
prepare an excitonic state of a single semiconductor quamin dot (QDs) inside a
high quality pillar microcavity. As a direct proof of QD resonance fluorescence,
the evolution from a single emission line to the aracteristic Mollow triplet *° is
observed under increasing pump power. By controlleditilization of weak coupling
between the emitter and the fundamental cavity modethrough Purcell-
enhancement of the radiative decay, a strong suppssion of 'pure’ dephasing is
achieved, which reflects in close to Fourier transirm-limited and highly
indistinguishable photons with a visibility contrag of 90%. Our experiments reveal
the model-like character of the coupled QD-microcaity system as a promising
source for the generation of ‘ideal’ photons at thequantum limit. From a
technological perspective, the vertical cavity symetry -- with optional dynamic
tunability ** -- provides strongly directed light emission whichappears very

desirable for future integrated emitter devices.

If the radiative transition between two quantumtesaof a single emitter is
broadened solely by the spontaneous radiative @migzrocess, the single photon
pulses are Fourier transform-limited, i.e. the eabteristic temporal widths of the
photons are I = 2k, with a natural linewidth ofyo. In the presence of dephasing
processes though, the photon is in an incoherexedrstate as opposed to a pure state.
Here T, can be considered as the dephasing time of theedxstate and is defined by
1/T,= U/(2T)+1/T 5, where T is the radiative lifetime of the emitter, and & the pure
dephasing time (i.e. loss of coherence without mdgoation). Only in the Fourier-
limited case one obtains/RT; = 1, i.e. coherence being purely defined by theataa

decay.



Incoherent pumping of a solid-state single quanemmitter typically leads to
homogeneous broadening of the excited state andftine a reduction in coherence.
Additionally, non-radiative relaxation from the &ecl state to the emitting ground state
introduces a time jitter in the photon emissioncess. Both effects reduce the two-
photon interference and have been theoreticallyyaed? Therefore, a true resonant
excitation process appears crucial for the germradf indistinguishablephotons. The
challenge for resonant pumping in solid state is $separation of the strong laser
excitation light from resonantly scattered photo@sherent excitation of a molecule
emitting transform-limited photons has been regerehlized®. However, background
laser scattering was of the same order of magniisdée molecular fluorescence. True
resonant excitation (s-shell) of a single quantwn id a planar cavity has also been
demonstrated recentfly In both studies, two-photon interference measereshave

not been performed.

The single-photon generation scheme that we udmsed on individual self-
assembled (In,Ga)As/GaAs QDs embedded in a highbgumaicrocavity structure. To
ensure Fourier transform-limited photon emissiothwiegligible background we use an
orthogonal excitation and detection technique aaHilized low-temperature operation
at T> 10K (Fig. 1a). We also benefit from the Purcelketfwhich leads to a reduction
of Ty, thus reducing the impact of possible phonon dsipygprocessed Furthermore,
the efficient coupling of the QD emission into ttevity mode and the enhanced photon
collection effect out of the microcavity serves it@rease the signal-to-noise ratio
representing the key issue for performing two-phatderference measurements with

high visibilities.

Individual microcavities are optically addressedsel to the cleaved edges of our
sample structure (details given'inand ‘methods’). After spatial filtering of the

collected p-PL by a pin-hole and spectral sigridring by a monochromator, our setup



provides high-resolution PL (HRPL) measurements d&yscanning Fabry-Pérot
interferometer in combination with photon statist@analyses in terms of’fr) 2"-

order correlations and two-photon interference grpents (see methods).

Fig. 2a shows a u-PL spectrum of a 1.75 pum pibaatg at T = 10 K under cw p-
shell excitation. The PL peak at 1.357 eV is idesdi as the single exciton
recombination (X) whose fine structure splittingcomes clearly visible in a Fabry-
Pérot HRPL scan (Fig. 2b). The fine-structure 8pltisAErs = 11.0 +0.2 peV and the
FWHM of the individual fine-structure componentg a.5 and 7.6 peV, respectively.
The fundamental mode (FM) of the cavity is maingd foy non-resonantly coupled

single excitonic emissidfi*®and some background contribution.

By temperature-tuning we are able to shift theafsition into resonance with the
FM of the pillar cavity (see also supplementaryiniation, Fig. S1). This allows us to
systematically decrease the radiative lifetimetArough the Purcell effect, and also
enhance the photon collection efficiency. The rasgce condition is reached at 24 K.
Fig. 2c shows the measured p-PL decay times asctida of the QD-FM detuningE.
For this measurement, the sample was quasi-redpnextited (p-shell) with 2 ps
pulses of a mode-locked Ti:sapphire laser (76 ME)mmetric in detuning around
QD-mode resonance, a pronounced decrease of thg tiee from1820+ 10 ps a\E
= 250 peV down tal 65+ 10 ps could be traced, reflecting a large Pureiéct of
factorJ12.

Fig. 2d shows the result of a cw-laser resonanae &tep widti\f, = 260 MHz)
over the X transition of the same single QD undgmchronous detection of the
emission. In this signalyhich is composed of QD resonance fluorescenceseattered
laser light with a high signal-to-noise ratio ottar ~ 5, we obtain a well resolved

double peak structure. The doublet nicely refletis fine-structure splitting\Ers



already measured in HRPL under p-shell excitatibig.(2b). Despite a slightly
increased sample temperature of 18 K we now obé&minced FWHM values of the two
components of only 6.1 + 0.2 and 3.7 + 0.2 peVpeetvely. This already indicates a
reduced dephasing with respect to p-shell exciatio Fig. 2d the occurrence of both
fine-structure components in emission suggeststiigamain axes of the studied QD are
tilted with respect to the cleaved [100] edge af Hample. Otherwise, only one FS
component would have been excited with the horelbnipolarized laser under side
excitation. For all subsequent measurements, jnearly polarized resonant-excitation
into the high-energy component of the X resonanas leen applied. In addition,
photon detection was limited to the correspondingdr polarization axis to further

suppress the other fine structure component ard &y light.

As was originally derived in the theoretical worly B. R. Mollow'® on the
interaction of atomic transitions with a monochrdimaesonant driving (laser) light
field, the conditions of strong resonant excitatioiness’ a radiative state into a
quadruplet of two excited and two relaxed electatates. Accordingly, four possible
radiative transitions exist, two of which are spaity degenerate at frequenay (Fig.
3b). Therefore, the original photon emission chanffiequency wy = Wiase) IS
characteristically decorated by spectral satelldésrequencieswyy + Q (with Rabi
frequencyQ). Recently, the observation of such Mollow tripggnatures has been
achieved from high-resolution laser absorption 8pscopy’?* and resonance

fluorescenc® on single QD structures.

Fig. 3a shows an excitation power-dependent FabrgtFHRPL scan series of
resonance fluorescence from the single QD in Fag.abserved at 10 K. In the regime
of low excitation powers, a purely Lorentzian Isteape with a constant width &fwnm
= 1.15+ 0.05 peV is obtained in emission. We emphasizeuhder these conditions

the linewidth is now found to be maximally redudsda factor ofl]1 7 as compared to



the emission under p-shell excitation at the saengperature (10 K; Fig. 2b). In total,
this demonstrates the pronounced reduction of dphgorocesses achievable under
resonant s-shell excitation and low temperatures.this low excitation limitQ? <<

1/(T.T,) of the linewidthi*, a long coherence time of ¥ 1150+ 50 ps can be derived.

Second-order correlation measurements under tleeseant excitation conditions
have revealed a pronounced antibunching dip wiffOy = 0.19 (Fig. 4a). De-
convolution with the time resolution of our HBT ©pt(~ 400 ps) gives a value dP¢)
= 0.08, demonstrating the nearly pure single-photon natfréhe collected signal
(background14%) at this excitation power regime. Using a Ptajetime of 630Gt 20
ps from our time-resolved measurements of Fig.s1 awe can infer a F2T; ratio of
0.91+ 0.05. We want to point out that the ‘true’ lifeeni; should be slightly shorter
than the measured decay time, thus creating2Tratio even closer to the ideal value
of 1. This is because the non-radiative relaxatiore (J10-50 ps¥ from the excited
state (p-shell) to the emitting state (s-shell)gtgly increases the experimentally
measured effective decay time with respect to the T, time. We therefore conclude,
that close to ideally Fourier-transform limited gl photons with > 90% fidelity have

been generated and verified.

Under increasing excitation powers, symmetric ftgepeaks with increasing
energy separation appear in the resonant QD emispiectrum (Fig. 3a). A large Rabi
splitting between these side and central peak®f 26.7 peV (Q/2r = 6.4 GHz) is
obtained, which is about a factor of two largerntht@rresponding values recently
reported by Atature and cowork&sPlotting the side-to-central peak separation as a
function of the effective Rabi frequency, i.e. ppdjpnal to the square root of excitation
power, an almost perfect proportionality is foundaccordance with the original theory

by Mollow™® (Fig. 3c).



It is important to note that the laser backgrourahtibution considerably
increases with excitation power and finally domasathe central feature of the Mollow
spectrum. This effect is due to the non-linear ghtsmn behaviour of a resonantly
excited two-level system (QD) which results in flegcence emission saturation, while
the laser signal increases linearly with excitatjpower. For our experiments we
therefore chose a low excitation power (whiegfe~ 0.9 peV; according to ~ 80% of the
saturation level) for our photon correlation ana{@hoton interference measurements
which are discussed below. In addition, the sigaddackground ratio was improved by
decreasing the QD-FM detuning and utilizing the@asing Purcell effect (see Fig. 1c)
together with enhanced QD-mode coupling. Since s temperature tuning, the T
time decreases at the same time due to an increkegddhsing by phonon interaction.
Therefore, we selected an intermediate QD-FM datuoif AE = 190 peV (with T=
560 +20 ps) where a linewidth measurement in the Idenisity limit (Fig. 2d) yields a
FWHM of 3.7 peV (T = 18 K), corresponding te F 360 ps. With this we achieve a
signal-to-background ratio afl 95 %. The chosen detuning leads to a reduction of
T,/2T; to 0.32. However, this does not influence the @pally measurable visibility of
the two-photon interference experiment discussedhen following since under cw
excitation the maximum observable visibility is givby the ratio (2 &t), wheredt is

the response time of the detecférs

Two-photon interference measurements were carrigdwith the fiber-based
Mach-Zehnder interferometer shown in Fig. 1a. Ffsand c depict the results of the
two-photon interference measuremertd @) and ¢”,(1), which describe correlations
between photons with orthogonal and parallel ppédions, respectively. In orthogonal
configuration, the two paths are distinguishabld ane expects@;(0) = 0.5, whereas
in the parallel configuration the paths are indgtiishable and(a”(T) should become

zero in the ideal ca%8". We observe a value of(0) = 0.55 +0.01 and §(t) = 0.22



+ 0.01 for the orthogonal and parallel cases, rasmdg. In addition, two nearly equal
correlation dips down to ~ 0.75 are observed at+13 ns due to the delay in our

interferometer, indicating a balanced beamsplitter.

The two-photon interference visibility can be defi®* as Miom (1) = [g@(1) -
g®(1)] 7 g®(1). Fig. 4d shows the visibility curve with a maximunormalized value
of 0.6 (instrumental response-convolutedjtat 0. In the following we analyze and
discuss the results of the photon correlation nreasents. In a two-level coherent
excitation the second-order coherence functilftyis determined by both,Tand %

(in contrast to the incoherent situation where omjydetermines the shape of the
antibunching notch at low pump poWw&f2y. Under strong coherent excitation, Rabi
oscillations are expected to appear in the coroglafunction that persist within the

coherence time, as was recently demonstrated bieMatlal®’.
Explicitly, g®(1) is given by

A A
(2) T :1+__ér\/h _N ér\/l,
g(7) 2 2

where

)Ii:—%(yo+y/2)iq andq=\/M—Qz. )
In the above equationy, is defined as the natural linewidth (I)Tand y is the
homogeneous linewidth (24l The orthogonal and parallel correlation functions i
terms of (1) are given i (see also supplementary information). Taking the
analytical formula for §5(t) and &)(1), the independently measured ahd T times,
and a convolution of the curves with our systempoese function, an excellent

modelling (red curves) of all curves in Fig. 4 istained simultaneously. With this we



obtain de-convoluted values of’¢0) = 0.08_+0.02, {’+(0) = 0.53_+0.03, &,(0) =

0.06 +0.02, and a visibility of Mom(0) = 0.90_+0.05, respectively. This large visibility
value of ~ 90 % demonstrates indistinguishabilitypbotons within their coherence
time and a nearly perfect overlap of the wave fionst, showing the high potential of
the source for quantum information science appboat such as entanglement

swapping®.

We envision that the experiments can be extendedctode a pulsed excitation
scheme by using-pulses to exactly excite one bright exciton sfae pump cycle. In
this scenario, the-pulse spectral width has to be well matched tolitrewidth of QD
absorption in order to optimize the coherent exiotaprocess and to minimize laser
scattering. Prepared by such resonant triggeredpmgmconditions the QD will
deterministically provide indistinguishable single photons, repréesgnan essential
ingredient for numerous future quantum informatapplications. With the presented
QD-microcavity structures, Fourier transform-lintitesingle-photon generation at
repetition rates well inside the GHz regime is @ptted. With respect to the observed
characteristic Mollow spectra in QD resonance fgsoence, another very appealing
feature is the generation of background-free amdpteally cascaded photon pairs
between the two side wings of the ‘dressed’ emistiplet, if the laser is intentionally
detuned from the QD resonance. As was first dematest on atomic fluorescerfée
this special emission scenario relies on a secoderscattering process, resulting in
sequential single-photon emissions from the blufteshand red-shifted Mollow side
peaks, respectively. This could serve as a tworcslmurce of close to Fourier-

transform-limited photons in computation schemes.
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Methods Summary

We use single (In,Ga)As/GaAs quantum dots (QDsplenlto the fundamental mode
of surrounding all-epitaxial high-quality verticgdvity micro pillars for detailed optical
studies in view of the generation process of imufigtishable photons at cryogenic
temperatures (¥ 10 K). We investigate the fundamental conditiansreate and verify
‘ideal’ photons at the ultimate Fourier transforimit between coherence length dnd
spectral bandwidth. For a direct comparison of s@#ous photon emission properties
under incoherent versus fully resonant (i.e. cahgrexcitation of individual QDs in
micro pillars, a novel experimental geometry ofhogonal optical excitation and
detection was developed. This technique providesrdranced separation of resonance
fluorescence from scattered laser signal with hgignal-to-noise contrast. Using
selective resonant s-shell excitation in conjumctiath the tunability of the QD decay
dynamics (1) via temperature-dependent emitter-mode couplititge creation
conditions of Fourier-limited photons with high/ZT, fidelity is investigated. The
resonant character of QD fluorescence in termsnoblaservation of power-dependent
Rabi frequency side bands in emission, i.e. theacheristic Mollow triplet, is traced in
detail by the technique of scanning Fabry-Pérohagolution spectroscopy. Under
resonant excitation into the s-shell, the indigtisgability of photon pairs is tested by
polarization-resolved cw Hong-Ou-Mandel quantunefiference measuremetftsn an

asymmetric path-length, balanced Mach-Zehnderfer@meter.
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Figure 1: Experimental Setup. a, Schematic representation of the
experimental setups for combined low temperature (T > 9K) micro-
photoluminescence (u-PL), high-resolution photoluminescence (HRPL), and
photon emission statistics measurements (second-order correlation g®®(t) and
two-photon interference (HOM) experiments). (BS: beamsplitter, PBS:
polarizing beamsplitter, FPI: Fabry-Pérot interferometer, PH: pinhole, SM:
polarization maintaining single-mode fiber, coll: collimator) b, Orthogonal
geometry of excitation and detection on individual micro pillars as used in the
experiments; Inset: side-view photograph of ordered micro pillars at the cleaved

sample edge, in comparison with the (off-set) laser spot in the same plane.

Figure 2: Characterization of single QD p-PL.  a, Low-temperature (T = 10 K)
photoluminescence spectra from the s-shell of a single QD close to the
fundamental mode (FM) of a micro pillar cavity. The QD is quasi-resonantly
excited via its p-shell. Temperature dependent QD-FM detuning is given by AE.
b, High-resolution PL spectra (HRPL) of the same QD, scanned by a Fabry-
Pérot interferometer with free spectral range FSR = 15 GHz ~ 62.035 peV: The
clear fine structure splitting (AErs = 11.0 + 0.2) peV in emission results from an
intrinsic anisotropy of this QD. ¢, Detuning-dependent luminescence decay time
of the excitonic emission as measured by time-correlated single photon
counting (TCSPC) under pulsed p-shell excitation conditions. At 24 K, zero QD-
mode detuning is achieved, yielding a maximum T; reduction by factor 12
(Purcell). Also for non-zero detunings, a symmetric effect of lifetime reduction is
traced. d, Frequency scanning signal obtained from the narrow band cw laser
tuned over the s-shell of the single QD in Fig. 2a, which reveals two clear
resonances with signal increase of up to factor 5 and fully resembles the

emission fine structure AEgs of Fig. 2b.
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Figure 3: Mollow triplets in resonance fluorescence of a single QD. a,
Power-dependent series of high-resolution micro-photoluminescence (HRPL)
spectra observed from a single QD under cw resonant excitation into the s-shell
plotted in log-scale. Whereas for weak s-shell excitation (bottom trace), the
observed resonance spectrum consists of a single narrow emission peak with
~1.15 peV FWHM homogeneous linewidth, Mollow triplets with increasing Rabi
splitting energies from 7Q ~ 6 peV up to ~ 27 peV can be clearly observed
under increasing excitation power. b, the appearance of satellite peaks at
frequencies w-Q and wp+tQ in the emission spectra under strong resonant
excitation is a fingerprint of the formation of a "dressed” quadruplet of states,
derived from the initial single (“bare”) transition at wp. ¢, Excitation power-
dependent Rabi energies of the sidepeaks extracted from Fig. 3a. A perfect
linear dependence on the square root of the excitation power is found as

expected from theory.

Figure 4. HBT and HOM measurements on the resonance fluorescence
emission from a single QD. a, Second-order correlation g®(t) measurement
under resonant excitation of the QD at low intensity limit at 18 K. The de-
convoluted value of g@(t) = 0.08 indicates a strong signal to background ratio
(background ~ 4 %). b, and c, Two-photon interference measurements under
orthogonal and parallel polarization settings of the interferometer arms,
respectively. d, Two-photon interference visibility obtained from the data shown
in b and c. Solid lines (red) in all figures are the corresponding correlation
functions convolved with the measured system response of 400 + 10 ps, and
dotted lines are the de-convolved curves without considering any time limitation
of the detectors. A large visibility value of Vyom(t = 0) ~ 0.90 is determined
which indicates almost perfect mode overlapping and the high quality of the

experimental conditions.
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Methods

Sample Growth and Preparation

Our samples were grown by molecular beam epitaxya @aAs substrate. The initial
planar sample structure consists of a single layeelf-assembled (In,Ga)As QDs (In
content of about 45 % and lateral density of *216v®) which is positioned at the
center of a A-thick GaAs barrier layer. On top and below thet@rcavity layer, 26
and 30 periods of alternatingy/4-thick layers of AlAs/GaAs were grown to form
distributed Bragg reflectors (DBRS), respectiveMicro pillar resonators were
fabricated by a combination of electron-beam litlapipy and reactive ion etching.
Details of the micro pillar processing can be foun®. A single pillar structure
contains only 150-250 QDs on average which aretiaddily spectrally spread due to
their inhomogeneous distribution within the whot& énsemble (peak position at 1.37
eV; FWHM ~ 100 meV). For our studies we have cleatree sample along the major
orientation axes of the micro pillar arrays, leaven lateral distance of less than 5 pm
between the outer row of pillars and the sampleceddpe sample was mounted in a
cold-finger He-flow cryostat, allowing for variabtemperature settings of ¥ 10 K

with £ 0.5 K stability.

Experimental Setup

Optical excitation of our micro pillar samples wa®vided by either a tunable narrow
band (FWHM = 500 kHz) continuous-wave (cw) Ti:Sapphing laser or by a mode-
locked tunable Ti:Sapphire pulse laser (76 MHz titipa of ~2 ps wide pulses) used in
time-resolved micro-photoluminescence (u-PL). Asdeematically shown in Figs. la
and b, a computer-controlled 3D-precision scannstgge equipped with a 50x

microscope (fiber-coupled, SLWD, NA = 0.45) wasihontally adapted to our cryostat
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unit and used for selective optical excitation dQwithin their lateral growth plane.
Together with an orthogonal detection geometry ftom (i.e. along the vertical micro
pillar axis), this setup allowed for a repetitivadalong-term stable addressing of
individual micro pillars under strong suppressidrscattered laser stray light. The stray
light suppression was additionally improved by ofadjustable pin-holes (PH) within
the detection path towards the monochromator, wiiich the area of detection in the
focal plane to an effective spot diameter of ~2 [Time collected light was spectrally
filtered by a 1200 I/mm grating monochromator aeddseither to a scanning Fabry-
Pérot interferometer (FPI; Finesse > 1@f))high-resolution PL (HRPL) measurements
with an enhanced spectral resolution of FWHM < [0e¥/, or to a fiber-based photon
statistics setup. The latter assembly combineseitteniques of two-photon interference
and Hanbury Brown and Twiss-type (HBT) second-ordauto-correlation
measurements. Our photon statistics setup proadiese resolution of ~ 400 ps. Hong-
Ou-Mandel-type (HOM) interference measurements ba indistinguishability of
photond® are performed by an asymmetric Mach-Zehnder intemieter based on
polarization-maintaining single-mode (SM) opticiddefrs. In this setup the collected and
pre-filtered photon stream is first divided by @&Dnon-polarizing beam splitter (BS)
into two asymmetric paths, one of which imposegxnma fixed delay line of 13 ns (i.e.,
defining the interferometer asymmetry). Within theg optical fiber arm, an additional
half-wave retarder plate is included to set theapmhtion of the photons mutually
orthogonal or parallel with respect to the shobefi arm. The photons are finally
interfered on a second 50/50 BS, the output poftsvlich are connected to two
avalanche photo-diodes (APDs) for detection of photoincidences. Without the
Mach-Zehnder interferometer (highlighted by thehgdmksbox in Fig. 1a), also®r)

second-order photon auto-correlation measuremantbe performed.
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Supplementary Information

S1 Spectral properties under p-shell excitation

Detailed spectral properties of the non-resonactlypled dot-cavity system have been
investigated under p-shell (~ 900 nm) excitationditons. All measurements in this
work have been performed on a circular micro piiaucture with a diameter of 1.75
um. The quality factor of the fundamental emiss{®M) emission of the cavity
(defined as the ratio of emission energy and thedemdinewidth) has been
experimentally verified from low excitation powgrestrum as Q = 13000500. Based
on the measured Q-factor and the diameter of tloeonpillar the theoretical value of
the Purcell factor is estimated gs+50. As is shown in Figs. 2a and S1 below, the QD
emission is energetically on the higher energy sidhe FM emission at 10 K with a
detuning of about ~ 250 peV. Increasing the tenipezashifts the QD emission
through the FM and a crossing behaviour is obseavednd the resonance (24 K) as a

characteristic feature of the weak coupling reg(sez Fig. S1).

1.3572 4 p-shell exc.

1 x
1.3570

] FM
1.35681 FM
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8 12 16 20 24 28 32
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Supplementary Fig. S1: Temperature-dependent peak energies of the single
exciton emission of the QD (X; filled circles) and the cavity mode emission (FM;

open circles) under weak coupling, revealing a clear crossing behaviour at 24 K.
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S2 Spectral properties under s-shell excitation

Spectral properties of the resonance fluorescenues®on from the QD have been
studied by using a high resolution PL (HRPL) setbpbry-Pérot Interferometer; see
methods section). As is discussed in the main tegteasing the pump power changes
the spectrum from a single emission line to Molltwplets with a symmetrically
increasing Rabi energy splittiri§ of the side peak3he multi-Lorentzian spectrum at

high powers is given by

3y, 18m Vel 2T ¥, /8t

F(a)sc) = 2 2 + 2 + 2
(W=, ~ Q) +(3y, /2 (W-wy ) +y,. W-W,+QF+ (3, /2F

(S1)

with the radiative linewidths ofy3, and Zs, for the side peaks and for the central peak,

respectivel .
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Supplementary Fig. S2: HRPL spectrum of the laser (910 nm) to illustrate the
instrumental resolution of our FP interferometer, estimated as ~ 0.7 peV
(FWHM). The top trace (red line) represents the HRPL spectrum of the excitonic
emission of the QD with a FWHM of 1.15 + 0.05 peV, obtained under low power

resonant excitation.
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The instrumental resolution of our full HRPL interdmeter setup was derived as ~ 0.7
ueV (FWHM), according to a direct high resolution ma&asnent on the narrow-band
(500 kHz) cw laser at 910 nm (see supplementary &&). In comparison, we also
plotted the HRPL spectrum of the QD resonance ésoence emission at low pump
power, which yields a FWHM of 1.15 .05 peV, not being limited by the system

resolution of our interferometer.
S3 Two-photon interference measurements

Two-photon interference measurements have beerorpedl under cw resonant
excitation conditions. Details of the fiber optizased experimental setup are given in
the methods section. As described before, one efiriterferometer arms contains a
half-wave plate to control the relative polarizatiof photons between the arms as
orthogonal or parallel, thus making the paths nggtishable or indistinguishable. The

second-order correlation functions for orthogonadl goarallel polarization are given
by[SZ]

9“n(n) =42+ R)RT I M)+4 RT T (r-Ar )+ R Gr+Ar)
(S2)

and

g9() =4+ R)RT M)+ 4 RT T §r-ar)+ R Gr+arja- V),
(83)

respectively. R Ry, T1, and T, are the reflectivity and transmission coefficients of the
two fiber couplersAt; is the delay introduced in one of the arms, and V is a funofion
the overlap of the wave functions at the second beamsplitter. Théityisf the two-

photon interference measurements is defined as:
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_9%(0) - g®u(0)
V, r)= : S4
HOM( ) g(Z)D(T) ( )
The instrumental response function (IRF) of our H8Jtup has been measured as a
Gaussian form with FWHM = 400 10 ps. The above correlation functions (S2) and

(S3) have been convoluted with this IRF and plo#tedolid lines on Fig. 4.

In view of future applications, the extraction ef@incy of indistinguishable photons
from a cw resonantly excited micro pillar devicarsimportant figure of merit. To give
an estimation based on the experimental conditairisig. 4 (HOM), we refer to the
theoretical maximum photon ratg.f emitted by a single QD under a certain detuning
from the micro pillar mode (introducing a specilarcell enhancement), yieldingak =
(Ty)™ at saturation. From the total rate of detectedtqui® corrected for all specific
efficiencies of the optical components in the setwp can infer the actual rate of
emitted (indistinguishable) photons f in relatianfta. Especially for the experimental
conditions of the data in Fig. 4, we derive a tqthbton extraction efficiency of the
order of 1-2%. Worth to note, this efficiency migtary in dependence on the level of

excitation (here: ~ 80%) with respect to saturation

S4 Future improvements for resonance fluorescencevestigations

As was discussed in the main text, the total ewrssignal under s-shell excitation is
composed of resonance fluorescence from the QD smadtered laser light. The
resonance fluorescence is principally limited be #ffect of non-linear absorption
saturation in a two-level system. From a perspectwf future applications, the
saturation level is the optimum efficiency reginfeoperation with respect to resonance
fluorescence / indistinguishable photon generatldnder these conditions, effective

techniques of scattered laser background light agspn are of highest significance.
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As a possible to improve the signal-to-noise cattfar resonance fluorescence studies
even at the level of emission saturation, we suggegse a combination of alternative
high-quality cavity geometries (e.g. rectangulaaysd micro ‘mesas’) and/or direct
fiber coupling for excitatiofi® and orthogonal photon collection, which will incsea
the collection efficiency and serve as spatiaéfgtwith enhanced spatial selection and

stray light suppression.
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