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Supplementary Figure S1| Analysis of obtainable linewidth (FWHM) in
heterodyning experiments with laser and QD photons as a function of FFT
resolution. The phenomeoogical model(Eqg. (1)) fits the linewidths masured

with laser photons (grey dots). The dashed grey lines represent the individual
contributions of FFT resolution and mechanical instability. At vdine
resolutions (<100mHz), the linewidth is limited by phase fluctuations induced by
mechanical instaility (vibrations) of the experimental setup. The heterodyning
spectra of QD photons (red dots) show no significant broadening. The
measurement of the mutual coherence time is thus limited by {hensesof the

experimental setup.



o
o
-
g
o

o= 100 MHz |

- - 15004 A 1
;', ;; : \ J}‘ | ['1' 'H" |
g gl 1 SO O O O
o 8 | 1
g & . % §1000 | | R o L R o
E ER B 1 b+ H | 11 Ji i
O (NP U VO Y
o 8soor\f \f YUV VU
220 MH; & i= 220 MHz | v Y IV V W
5 5 L .
s e : % 20 (] 20
2 = -
£ 2 : | . f =200 MHz
E E .‘ i 150 med I
s SEOH VTRY MW
0 MM 2 sao-l |h il IHJ fl | ]
- g 7] |
: b= [
3 i N g \ \ ll[lJ |
2 = . 50 J J
g 7 { ‘. 8 [l * | H |ﬂ f
£ £ . s v
-20 0 20
_ i L] f,,.= 400 MHz '
F . 3 50
= & = o
& |
£ E ; 2 b=
= 440 MHz 3= 440 MHz i
3 3
i - i °
T i . i H . S
2 £ ~ 1 Sy O L Il ]
£ % 4 A 150} il .
— 4w 650 MKz ! Lt LN R LK
a= iz
e o § 100+ | |
S 5 5 |
@ L) =
> : g '
] ] g 50+ I
§ 5 , |
= = L ] \
-0.5 0.0 05 04 02 00 02 04 0—=s [} 20
Detuning (GHz) Detuning (GHz) Time delay (ns)

Supplementary Figure S2| Phase-locked QD RF spectra for different QD-laser
frequency detuning. The narrowband single mode excitation laser is modulated by

the EOM at frequencies @f v, ,= 200 MHz and, v, ,= 500 MHz, respectively.

The top panels with blue dots and blue shaded areas in @aaatsb show the

laser spectra as measured with a Fdteyot interferometer (~20 MHz resolution).

The lower panels with red dots display the QD RF spectra for different detuning of
the QD exciton transition with respect to the laser line fi@m-220 MHz up to

0= 660 MHz. The gray shaded areas in the background are a guide to the eye
giving the position and the width of the Q&mission spectrum.c, Intensity

correlation measurements of the QD RF for a range of modulation frequencies.
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Supplementary Figure S3| Spectra for laser pulses and resulting spectra for
coherent QD scattering. For thetwo-photon interferenceoherentlaser pulses
are createdby applying electrical pulses down to 100 ps durditiom an arbitrary
pulse pattern generator with -GHz bandwidth to the EOM. An additionBIC
offset with feedbackontrolsthe slow drifts of the EOM operation settingsop
panel: Measuredpectrum for laser pulses of ~400 ps width and a repetition rate
of 300 MHz. The spacing of spectral components corresponds to the pulse
repetition rate. Bottom panel: The resulting QD emission spectrum feMB&EO
detuning from the central laser frequency. Since the pulse width is signyficant
shorter than the QD excitonic lifetime, the amplitude of spectral components is
strongly modified by the QD bandwidth.
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Supplementary Figure $4| First-order interference in the HOM
interferometer. Detection events at both outputs of the HOM interferometer and
their coincidences are recorded separaiBiye traces over 1200 s for the HOM
TPI from Fig. 3, main text, are presented here. Top panel:dfutst interference
occurs for coherent QD photons as a consequence of varying phase difference
between both interferometer arms. The contrast of-dnd¢r interference
quantifies the fraction of coherently scattered QD emission. Bottom panel: The
time traces of detection events for photons of orthogonal polarisation stays nearl
constant, as photons are distinguishable in their polarisdti@nQD transition is
shifted out of resonance periodically via DC Stark effect to monitor the
background counts. This is visible as abrupt drops in intengsityndt=200 s and
t=1200 s.
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Supplementary Figure S5 Photon indistinguishability of waveform-
synthesized photons. Additional measurements on HOM style TPI for higher
excitation powerPanels b, c and d directly follow the presentation of Fig. 3 in the
main text. The sharp intensity drops in the traces are due to the periodic
background measuremeat.Firstorder interference of QD photons during HOM
style measurement (compareSapplementary FigS5). The time traces put the

coherent fraction of QDessonance fluorescence tp=0.45, which corresponds

to an excitation power slightly above saturation lebgelntensity autocorrelation
function for QD photonsc, d Two-photon interference (TPI) measurements for
photons of orthogonat) and paralleld) polarisation. The bottom panels display
the normalized differences to the intensity autocorrelation in b, respectivedy. T
lack of TPI for orthogonally polarized photons in c gives rise to coincidences at
zero time delay, yielding a peak the bottom panel. For photons of parallel
polarization, the absence of coincidences around zero time delay reflects

successful TPI in d. The ratio of the areas in the bottom panels yieldsT&Ptaw
contrast 0f0.923+ 0.01¢.



a Pulse Pattern Generator b
Laser EOM - :' “ 4 0.004
_-:u_/_'.‘“vi_, ' 1.0 | | |
> \
3 - - ""\ 1 0.002
2 08 . '
4 Excitation = \\-\‘
Collection 25 8 | ! w1 0.000
i = 950 955
H——- S 06
4 'I E
P 3
SIL' He
= v APDs g 04
Sample o
4K =
50:50 A\ ]
Grating Polarisation &J 0.2
4 Controllers
'-7 ' 50:50 3
| ' _ A
{ s A 11 | I
A2 950 955
b .
* ¢ Wavelength (nm)

Supplementary Figure S6| Phonon sideband filtering. a, Schematics of the
setup used to realize twahoton interferenc€TPl), which includes an electro
optical modulator (EOM), linear polarisers (P), a solid immersion lens (SIL), two
nonpolarising beamsplitters (50)5@ halfwave plate 4/2) and two single photon
detectors (APDs).The excitation pulse generation is shown at the top, the
confocal microscope in dark field detection mode in the middle and a filtering
setup followed by the Hor@u-Mandel (HOM) interferometer at the bottor.

1600 gr/mm grating actings a bandpass filtdbandwidth when coupling back
into single mode fibres of ~50 GHz) efficiently removes the phonon sideband, but
preserves the spectrum of the zphwmnon line.b, Resonance fluorescence
spectrum (around 1@&Hz pixel resolution). The spectrum normalizedto the

peak intensityA zoomin at the base of the luminescence peak (see inset) reveals
the phonorassisted scattering sideband, which represents 12% of the total QD

emission The contribution of the phononideband defines a maximum
achievable contrast 0(0.882) ~0.7%for TPl measurements without spectral
filtering. Experimentally, we measure a raantrast of 0.7or this caseWe note

that QDs grown under different conditions show phonon sideband contributions
as low as 5% of total fluorescerite



Supplementary Note 1

Contributions to QD heterodyne linewidth. As mentioned in the main text, the measured

linewidth Av,,,,, is limited by the system response at a given FFT resoluor resolutions
>100 mHz, Avq,,,, IS governed by the FFT resolutiof),,. At finer resolution, i.e. longer

integration timest,, =1/ f,,, mechanical vibrations and other sources of phase fluctuations,

res?
i.e. spectral wandering of the transition frequency, are more likely to perturb the eraastr
and additionally broaden the line. Assuming this additional broadening to be proportional to

integration time yields a total convolved linewidth of

2
AVFWHM =A \/:ﬁFes.2 (B tiﬁ)2 A fres.2 L_J ’ (Sl)

whereA andB are fit parametersSupplementaryigure S shows the linewidths obtained with

laser photons as strong signal field (grey dots) at different FFT resolutsomg the same

setup as in Fig. 1 of the main text. Comparingsthmeasurements with linewidths obtained
with QD photons (red dots) illustrates that the obtained mutual coherencated by the
system response. In particular, spectral wandering does not lead to additional phase
fluctuations and can therefore be leeted on the timescale of the integration time. In all
heterodyning experiments the delay between signal and local oscillator beam dae joakie

difference amounts to ~100 ns, which is small compared to the laser coherence time.

Supplementary Note 2

Photon waveform synthesis. temporal and spectral domain. In Supplementary Fige S2

we presensupplementary data which complement the results presented. i #fighe main

text, showing how the spectral and temporal properties of a laser are encoded on the single
photons coherentlgmitted by the quantum ddtlere, the EOM is driven by a sine wave, as
discussed above. The amplitude of the -suawe determines the shape of thaveformand

the height of the componerntsthe laser spectrum while tligiving frequency determines the
separation of the spectral components. In SupplementarBEgthe waveform of the laser is
similar to that displayedh Fig. 2a of the main text, but with modulation of500 MHz, while

in Supplementary FigS2, the waeform of the laser iglentical tothat in Fig. 2c of the main



text. The correspondinlaser spectra are displayedbhse circles while thespectra of the QD
photons aralisplayed in rectircles The detuning between the QD transition and the central
frequency component of the laser is controlled by the gate bias voltage via the DC8tdrk ef
As a guide to eyehe QD scattering crossection (grey shaded area) saperimposedo
indicate the expected scaling of the lag@ectral componentsr theQD photons.

In theweakexcitation power limitthe QD spectrum is expected to be a product of the input

spectrum S, (@) with the QD scatteringcrosssection This can be expressed as

Saser(@)
(1/ 21'1)2 +(o-w

, Where o, is the frequency of the QD resonandeor

Son (@) ~

ransition
transition)

strongerexcitation power, this picture is complicated by the dynamic stark shift, and even for
an ideal twelevel systeman exploration of the theory revealsntrivial behaviou¥.

Finally, the effecs of spectral wadering haveo be includedThe measurement time fdhe
Fabry-Perotscars (1 s for the scans shown in Fig ) much longer than the tirseale on
which spectral wandering occurs. Therefdhes spectrum of th@D is furtherbroadened by

100 MHz due tolong timescaldsecondskpectral wanderingrhe temporal profile of the QD
photons is a convolution of the laser waveform and the response function of the QD.
SupplementaryFigure Sc presents intensigorrelation measurements on QD photons for a
rangeof EOM modulation frequencie$he periodic temporal pattern of the excitation laser is
seen clearly for modulation frequencies within the bandwidth of the QD transitinie, for

high modulation frequencies the QD photons can not follow the tempoteairpat the laser

and the oscillatory features in the intensityrelation measurements wash out. We note that
for all modulation frequencies the antibunched nature of the QD photons at zedelayeas

preseved

Supplementary Note 3

First-order interference in TPl measurements. Individual detection events on both
avalanche photodiodes (APDs) at the output ports of the fibre beamsplitteroaitered
throughout thecorrelation measurements. Time traces over 1200 s for the HOM TPI from Fig.
3, main text, are shown in Supplementigure Sl. For photons with parallel polarisation (top
panel) we observe firgirder interference as the phase difference between hetfenometer
arms changes over time due to mechaniwwahdering and slight changes irmmbient

temperatureFor the1200s datapresentedn Supplementary FigS4 this drift is monotonic.



While the rate of twgphoton detection events depends on the prodluattensities in each
interferometer output and is modified by the presence ofdrdsr interference, the process of
TPI (coincidence detections around zero time ded#if)takes placeThe contrast of firsbrder

interference quantifies the fraction of coherently scattered QD emgssiomhich is
¢ =0.92for the data in Fig3. The time traces of detecti@vents for photons of orthogonal

polarisation (bottom panel of Supplementary Bg. staysroughly constant, as no interference
occurs.For the purpose of data calibration the QD transition was periodicaftgcslout of
resonance with respect to the exciting laserthat the background counts due to detector dark
counts and laser leakage were reedtdThis is visible as sharp drops in intensity in
Supplementary FigS4. Care was taken to keep the background level below 1% in all

measurements.

Supplementary Note 4

Evaluation of photon indistinguishability. The raw contrast of the HOM style TPI
constitutes a lower bounid photon wavepacket indistinguishability, as the measurement is
affected by imperfections of the setup. In our case these include polardagiadationn the
single mode fibre beamsplitter and imbalance of beamsplitter coefficiémsconventional

treatment of these imperfectidfi¥’ assumes that the photon coherence s much shorter

than the time delay in thaterferometerr, << At The expected HOM contrast is then

delay*

Criom _1 P 2R o D-1)+ R+ 122’
A, 2RTR(D-D+ R+ T

where D is the distinguishability of photon pairs. Experimentally we measure the fraction

(S2)

A../ A, and then determingl- D), knowing the values and error estimates for all parameters

involved in Eq. §2). For the data in Fig. 3 of the main text this giygs D)= 103+ 005.

SupplementaryFigure S5 for the sameparameters(except for p,,=0.99+ 0.07) gives
(1- D)= 100+ 005.

For coherently scattered photottise correction for the interferometer imperfectionsnist

straightforward as their coherence time exceeds the interferometer time tlelajore we

choose to correct only for thaolaisation mismatch which affects coherent and incoherent
photons in the same wayh& expected HOM contrast thgields



1-p.+D
Coy =1- 02 —1 27 Poa* OPpe (S3)
A)f 1_ por+ Dpor
Using EQ.(S3), alower bound on indistinguishability of photon pair wavepackets is obtained

as(1- D)> 096+ 004for Fig. 3 and(1- D)> 094+ 004 for Supplementarfig. S5.

Supplementary Methods

Electro-optic waveform shaping. For the photon waveform shaping presented in Figs. 2 and 3
of the main text we employ a fibre based elecptc intensity modulator (EOM) with a
bandwidth of 5 GHz. The throughpubf the EOM as a function of applied b¥g.sfollows

1 1
I (Vbias) ~ > Coi KV st @ offse) + > (4)

where constank relates the bias voltage to a phase shift of the cosine functiorpgnd

determines the working point of the EOM. In Fig. 2a the EOM is driven by a high purity sine

wave atv,.,=200MHz with variable amplitudé\. The intensity modulation of the laser is

then given by
I(t)~lcos(kA sir(v t)+¢ )+E (S5)
2 mod offset 2

Complex intensity patterns, as displayed in Fig. 2c, can be generatedkAuitir. The
resulting spectrum igiven by the Fourier transform of the fumtder correlation function of
the output field of the EOM.
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