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Experimental details

The home-built 4f pulse shaper constructed in folded (reflection) geometry includes a

programmable, liquid crystal on silicon spatial light modulator (SLM-128-A-VN, CRi Inc.,

128 pixels, single mask). Here, the incoming laser beam first hits a grating and disperses,
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before being focused onto the SLM that is kept at the Fourier plane of a curved mirror.

Effectively, each pixel of the SLM holds a narrow spectral region of the dispersed laser

beam. A flat mirror kept behind the SLM that is tilted slightly on the vertical axis, provides

vertical displacement to pick up the reflected beam above the incoming path.

Precise amplitude shaping in the 4f shaper relies on the unique frequency to spatial

conversion at the Fourier plane of the concave lens. Therefore, an a priori knowledge on

the resolution of the 4f shaper is very important.

A beam with a finite width of W on the grating plane will have an angular spread of

λ0
W

, where λ0 is the central wavelength. This wavelength-dependent spread determines the

resolution of the 4f shaper, and for a focal length f of the curved mirror, this corresponds

to δx = fλ0
W

. In our setup, W (measured at 1
e2

at the grating plane) is 7.7 mm and f =

500 mm and λ0 = 802 nm. For the incidence angle of 54.5 ◦ and a grating period d of 1
1800

l/mm, the angular dispersion coefficient of the grating is given by α = λ20
cd cos(θd)

where θd

is the first order diffraction angle for λ0. This leads to δλ = 0.045 nm and δx = 51.7 µm.

The pixel width of our SLM is ≈ 100 µm, implying that every pixel in the 4f shaper holds

≈ 0.09 nm (or ≈ 0.17 meV), which is the resolution of the 4f shaper.

The distance traveled by the laser beam within the shaper amounts strictly to 4f , to

ensure that the laser pulses leave the pulse shaper free of dispersion1. We verify this

condition through a nonlinear measurement of the pulse duration by an autocorrelator

(PulseCheck, APE GmBH). Next, we calibrate the relationship between the applied voltage

drive level and the resultant phase retardance of the liquid crystals based on the standard

procedure2. The achievable amplitude modulation is proportional to the cosine of the

retardance of the liquid crystal cells. This enables the generation of a phase-locked pair of

pump pulses with arbitrary amplitudes and detunings ∆1 and ∆2 as described in the main

text.

The quantum dots chosen for this experiment are grown by the droplet epitaxy tech-

nique3,4. This process results in dots grown in random locations on the sample. To locate
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a bright quantum dot, we illuminate the sample with an above band laser beam (532 nm,

Thorlabs) and optimize the position with the three-axis piezo stack. The focal spot size

and the density of the dots in the sample ensure that no two dots are excited in a single

excitation spot.

Background estimation

0

0.5

1

-11 -10.5 -10 -9.5

(meV)Δ2

3000
Counts (arb.  u.)

C
ou

n
ts

 (
ar

b.
u
.)

200

600

1000

796 798 800
Wavelength (nm)

X counts
TBP

(a) (b)

I 
  2

Figure S1: Data processing and background estimation: (a) A representative exciton
emission spectrum (blue solid line) measured in the experiment; transmission spectrum of
the bandpass filter used (solid red line) . The shaded red (grey) area is used for extracting
the exciton (background) photon counts. (b) Background contribution in the I2−∆2 scan,
cf. Figure 3. Red dot denotes the parameters for photon quality measurements, cf. Figure
4 in discussion section , yielding a 9(1) % background contribution.

In the experiments, the emitted light from the quantum dot is sent to the spectrometer,

after passing through a bandpass filter with FWHM of 3 nm at a central wavelength of

798 nm (red solid curve in Figure S1 (a)). An exemplary emission spectrum shown as

blue solid curve in Figure S1 (a) suggests a wavelength-independent background around

the exciton emission line, which we attribute to scattered laser background under high
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power illumination. For the results displayed in Figure 3, the background contribution

is estimated from the integrated photon counts in the grey-shaded window and is then

subtracted from the integrated photon counts in the red-shaded window (Figure S1 (a)).

The shaded windows correspond to 0.3 nm spectral width, determined by the FWHM of

the notch filter through which the exciton photons are sent to the SNSPD. In Figure S1 (b)

we show the variation in the background corresponding to the results displayed in Figure

3. On comparison, we estimate a 9(1) % contribution of background noise in the photon

quality measurements (red dot in Figure S1).
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Normalization of the pulse intensities

For the experiment, the pulse pairs (with various ∆2 and I2) are amplitude-shaped from

the broadband laser spectrum as explained in the main text. This means that the individual

intensities of the detuned pair depend on their spectral locations in the unshaped Gaussian

intensity spectrum. In other words, the maximum of I2 will not be the same for different

∆2. We therefore apply a correction procedure to normalize I2. We apply Gaussian fits to

the measured spectra for various detunings ∆2, compute the integrated spectral intensities,

and obtain I2,corr with respect to a maximum transmission of I2 = 1 for ∆2 = −9.4 meV

(see Figure S2, inset).

We then normalize I2 with relative pulse intensities based on a fifth order polynomial

fit, as shown in Figure S2. Based on this fit function, we calibrate transmissivities I1(I2)

with respect to the measured power values P avg
1 (P avg

2 ), as summarized in the table 1. The

results presented in Figure 3(a) and 3(c) will, as a result, get modified to S2(c) and (d),

where the I2 axis is replaced by P avg
2 values.

Table 1: Average power of the pulses ∆1 = −4.9 meV and ∆2 = −10.6 meV, measured at
the cryostat entrance window.

I1 P avg
1 (µW) I2 P avg

2 (µW)
0 0.4 0 0.7
0.5 15.5 0.65 10.9
1 34.2 1 18.6

Table 2 shows the polynomial fit coefficients.

Table 2: Polynomial coefficients extracted from data presented in figure S2.

p5 p4 p3 p2 p1 p0
-1.83 3.39 -2.36 1.57 0.19 0.04
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Figure S2: Corrected transmissivities of individual pulses: (a) Measured excitation
laser spectrum (blue solid line), fit with a Gaussian function (red solid line) where the
eleven chosen ∆2 values for the experiments are indicated (green stars, grey shaded and
inset). (b) Transfer function to convert I2 to the normalized intensity of the second pulse
(blue circles). Red solid line is a fifth order polynomial fit. (c) and (d) Corrected Figure
3(a) and 3(c) for I2 values calibrated for P avg

2 of the second pulse. The first pulse intensity
(I1 = 0.5 ) is 15.5 µW.
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Verification of the two-pulse effect
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Figure S3: Single pulse excitation: (a) Measured photon counts at exciton-emission en-
ergy with (I1 = 0) for a I2 − ∆2 scan as in Figure 3. Note the change in colour scale
showing that only negligible photon counts are recorded. (b) Measured photon counts as
in (a) without the second pulse (I2 = 0) at ∆1 = −4.9 meV and I1 = 0 . . . 1. Red dashed
line shows the experimental conditions I1 = 0.5 for all the results displayed in the main
text.

To verify that the measured exciton population is the effect of the two-pulse excitation,

we perform control experiments. For this, we first set I1 = 0, and perform the I2−∆2 scan,

as described in the main text. We observe that, as shown in Figure S3(a), the measured

exciton counts are insignificant. Next, we set I2 = 0 (which implies there is no ∆2 scan),

and simply perform a I1 scan, recording the exciton counts. The results are displayed

in Figure S3(b). The integrated exciton counts vary in accordance with the rise in the

background, indicating yet again the absence of the SUPER effect. The red dashed line

in Figure S3(b) denotes the experimental conditions for the results displayed in Figure

3, asserting that the measured exciton counts are only due to the two-pulse excitation.

Nonetheless, for I1 > 0.8, we observe a minor increase in the exciton counts, which we

attribute to the substrate luminescence. Thus, for the below absorption edge, SUPER

excitation of the quantum dot, we strictly require two detuned pulses.
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Optimizing the first pulse intensity
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Figure S4: Variation of exciton counts with I1: Measured population of the exciton state
as function of ∆2 and I2 for fixed intensities of the first pulse I1 = 0.4, 0.5, 0.6, 0.7 (cf.
Figure 3(a)).

Here, we investigate the influence of the first pulse intensity I1 in the SUPER scheme.

At first, we set I1 = 0.4 . . . 0.7, keeping ∆1 = −4.9 meV fixed. We then perform the I2 −∆2

scan as in Figure 3(a). Note that for the data displayed in Figure 3(a) we chose I1 = 0.5.

For I1 < 0.4, we measure only a modest exciton photon count, indicating that the exciton
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state is not efficiently populated. At higher I1 values, we do not observe the oscillatory

trend as in Figure 3(c), but the increase in photon counts with I2, indicates that the SUPER

excitation takes place here too.
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Lifetime and intrinsic linewidth

We validate the nature of the emission by measuring the decay dynamics. To this end,

we send the emitted photons to the SNSPD for the time-correlated single-photon counting

measurement with 20 ps temporal resolution. An internal photodiode within the excita-

tion laser serves as the start signal, while single photon clicks act as stop signals. The

resulting time-correlated histogram is fit with an exponential function, which leads to a

computed lifetime of 165.1(6) ps. This is in excellent agreement with our results under

resonant excitation of the same quantum dot5 at 8K. From the computed lifetime value we

obtain an intrinsic linewidth (1/T1) of 0.965 GHz or 3.95 µeV. Under TPE, we have also

observed similar lifetime values. Additionally, from preliminary measurements of coher-

ence length/coherence time in a Michelson interferometer6–10 at 8K under TPE, we have

measured a coherence time (T2) of 173 ps, which leads to a linewidth of 1.84 GHz or 7.6

µeV. This yields a pure dephasing time T2* of 363.63 ps, however, because such linewidth

measurements on quantum dots make sense only at very low temperatures (to limit pure

dephasing, which is relevant in the large dots used here), which we leave for future work.
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Figure S5: Radiative lifetime of the exciton: Measured decay dynamics of the exciton
emission under SUPER, leading to a computed lifetime of 165.1(6) ps.
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Radiative efficiency

In semiconductor quantum dots, the diffusion of charge carriers from its vicinity results in

an on-off modulation in the emitted light, usually called blinking. As a result, the long-term

g(2) measurement shows an exponential drop in the recorded photon counts11, effectively

limiting the radiative efficiency of the quantum dot. Here we show the results of HBT

measurement on a long timescale, under SUPER. The on-time fraction of the quantum

dot is ≈ 0.33 under SUPER and 0.30 under TPE12 and 0.36 under resonant excitation5.

Notably, for resonant excitation and TPE, this factor also depends on a supportive above-

band or white-light illumination13.
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Figure S6: Radiative efficiency: Long-timescale g(2)(0) measured on the quantum dot un-
der SUPER. The inverse of the g(2)(0) denotes the on-time fraction of the quantum dot,
which we observe as 0.33.
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