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Mio Poortvliet ,* Petr Steindl , Ilse Kuijf , Harry Visser , Arno van Amersfoort , and
Wolfgang Löffler

Leiden Institute of Physics, Leiden University, Leiden 2333 CA, Netherlands

 (Received 16 August 2024; accepted 5 November 2024; published 6 January 2025)

Recent progress has made high-bandwidth electro-optic modulators (EOMs) available. Here we show
the cascaded operation of two such modulators driven by custom-built electronics delivering on-demand
picosecond pulses and application to a quantum dot–cavity-QED single-photon source. We implement
an EOM-based correlation technique and demonstrate light pulses as short as 24 ± 2 ps with a single
EOM. The EOMs can be synchronized and operated in series, and we then produce optical pulses down
to 17 ps. To optimize the pulse contrast, for two different EOM devices, we analyze the transmission
as a function of EOM bias, wavelength, and temperature, and we show that, by temperature tuning and
stabilization, a pulse contrast above 25 dB can be obtained at the targeted wavelength. With this high
contrast, we demonstrate resonant excitation of an InGaAs quantum dot–microcavity-based single-photon
source, demonstrating a crucial technology for scalability and synchronization of large-scale photonic
quantum applications.

DOI: 10.1103/PhysRevApplied.23.014017

I. INTRODUCTION

Fast, flexible, and indistinguishable single-photon
sources are essential for scalable quantum communica-
tion and computing [1], and semiconductor quantum dots
(QDs) in optical microcavities are an excellent candidate
[2]. For advanced real-world applications, single pho-
tons should be generated with low timing jitter and on-
demand, meaning triggered by a signal from the user.
Self-assembled InGaAs QDs have the advantage of sub-
nanosecond lifetimes, in particular if Purcell-enhanced in
an optical cavity [2], allowing the generation of single
photons at gigahertz rates.

For resonant excitation of a QD-based single-photon
source, high-contrast bandwidth-limited optical excitation
pulses much shorter than the QD lifetime are needed to
avoid re-excitation [3–7]. The standard technique to pro-
duce such pulses, usually around 10 ps in length, is using
pulsed lasers such as Ti:sapphire oscillators in combination
with a pulse shaper. The resulting photons reach high pho-
ton purity and indistinguishability. However, this method
lacks flexibility: while the pulses are made deterministi-
cally, they are not on-demand and often at a fixed rate
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of ∼ 80 MHz [8,9]. Additionally, pulse-shaping optics
requires mechanical alignment and adjustment to change
the pulse length, decreasing flexibility and robustness, in
particular important for more complex pulse sequences,
such as used for spin-photon entanglement [10] or novel
excitation schemes [11].

To excite slower systems (e.g., color centers or trapped
atoms), it is common to use an electro-optic modula-
tor (EOM) to produce pulses from a continuous-wave
laser [12,13]. Recently, high-bandwidth EOMs based on
waveguide Mach-Zehnder modulators have become avail-
able. Such waveguide-based systems allow very narrowly
spaced electrodes that require a signal of only a few volts
for full π modulation, i.e., to switch the output from low
to high transmission [14,15].

Since then, EOM-produced laser pulses have been
explored for QD excitation [3,8,16] with pulse lengths
down to ∼ 100 ps. Dada et al. use ≥ 100-ps-long pulses
for a bare QD, and state that “much faster pulses (< 30 ps)
can be achieved in the future” [8]. This is realized to some
degree in Ref. [9]. However, such pulses have not been
reported to excite a QD microcavity system, as far as we
know. We note that EOMs in combination with ampli-
fiers and pulse compression recently enabled generation of
even subpicosecond pulses, but the added complexity is
significant and a high pulse contrast is challenging [17].

In this paper we first present our custom-built elec-
tronic pulse compressor driven by a field-programmable
gate array (FPGA) capable of creating laser pulses down to
24 ± 2 ps (stated uncertainties are statistical errors, such as
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the confidence interval on the specific fit parameter) length
with an EOM from continuous-wave laser light (we report
pulse width by the full-width at half maximum, FWHM).
Using the Hanbury Brown–Twiss (HBT) technique with
single-photon detectors, we analyze the pulse contrast of
two different EOM devices as a function of temperature
and wavelength. We then introduce a cross-correlation
method to characterize ultrashort pulses using a second
EOM and only a slow photodiode. After this characteriza-
tion, we use the EOM-produced laser pulses to resonantly
excite an InGaAs QD in an optical microcavity [18,19].
We show that, by cascading two EOMs, we can improve
the pulse contrast [13] and decrease the pulse length [20],
and demonstrate the effect of pulse contrast on the single-
photon purity. Finally, we use our slow-detector cross-
correlation method to measure the time-resolved resonance
fluorescence of the quantum dot.

II. EOM AND PULSE COMPRESSOR

We use two EOMs (both Exail/iXblue NIR-MX950-
LN-20, one purchased in 2020 and one in 2022), based
on a balanced Mach-Zehnder interferometer (MZI) made
by proton-diffusion waveguides in LiNbO3. The relative
phase between its arms can be modulated using the electro-
optic effect in lithium niobate via both a fast (rf) and a slow
(dc, bias control) electrode. We use the bias input to oper-
ate the EOM in a transmission minimum T0. The rf port has
a bandwidth of > 20 GHz and is used to create the pulses
with time-dependent transmission T(t) = T0 + Trf(t). An
ideal balanced MZI would produce perfect destructive
interference (T0 = 0) but, in a real device, slight imbal-
ance of the directional couplers (splitters) results in a finite
pulse contrast, specified to > 20 dB (T0 < 10−2).

Figure 1 shows the measured EOM transmission as the
bias voltage is changed. The voltage required to go from a
transmission minimum to a maximum is Vπ , which is on
the order of a few volts, though different for the rf and dc
ports. We define the dc contrast as the ratio of the peak
Tmax and minimum T0 transmission of the EOM by adjust-
ing the dc bias voltage Vπ . The maximum pulse contrast
Trf/T0 can be lower due to a reduced Vrf limited by the elec-
tronics. Crucially, the transmission is very sensitive to the
bias voltage, and we emphasize that for optimal contrast
an optimal bias voltage is more important than reaching π

modulation by Vrf.
The ultrashort electronic pulses for the EOM are cre-

ated by logical conjunction of two slow pulses in an AND
gate, as schematically shown in Fig. 2. First, we use an
FPGA to generate a trigger signal in the form of a pulse
pattern with 1-ns timing resolution, which is sent to the
custom pulse compressor board. Here, the trigger signal is
copied by a buffer (splitter) and sent to two programmable
delay lines (Microchip SY89297U) with 5-ps resolution.
The noninverted output of one delay line and the inverted
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FIG. 1. Transmission of EOM A as a function of the dc bias
voltage. Notably, one minimum T0 is lower than the other. The
rf pulse with voltage Vrf shifts the transmission away from the
minimum, but even when Vrf does not reach Vπ exactly, the pulse
contrast Crf can still be high.

output of the other are combined in a 14-Gbps AND gate
(Analog Devices HMC726LC3C), producing pulses with
a length determined by the relative delay setting of the
delay lines. These pulses are fed into a 28-Gbps XOR gate
(Analog Devices HMC851LC3C) with one output perma-
nently pulled high to sharpen the signal edge. Because the
fast logic chips work with low signal voltages, an amplifier
(Analog Devices HMC994APM5E) is required to achieve
Vπ . The amplifiers are connected with high-bandwidth
2.92-mm (k) coupling connectors (no cables) followed by
a bias tee (not depicted in Fig. 2), and the EOM is directly
connected to its output. The inverting output of the XOR
gate can be used to synchronously drive a second EOM
using the same pulse compressor board. The expected
pulse shape is rectangular, but, in particular for very short
pulse lengths (� 100 ps), the bandwidth limitations of the
components will result in Gaussian profiles.

Pulse compressor

1
XOR

Splitter

FPGA

ps pulses

set digital delay

Rf output
ps delay

Amp

Amp&

FIG. 2. Sketch of the custom rf electronics. An FPGA board
delivers a digital pulse to a buffer (splitter), whose two out-
puts are fed into separate electronic delay lines. A fast AND gate
creates the picosecond pulses from the (inverted) output of the
delay chips, and an ultrafast XOR gate is used to sharpen the
pulse edges. The fast XOR gate has an inverted and a noninverted
output, each of which can drive an EOM after amplification.
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FIG. 3. Spectrum analyzer measurement of the output of the
pulse compressor board without amplifiers using a pulse distance
of 2 ns and a pulse compressor delay of −75 ps. The resolution
bandwidth was set to 30 kHz and the signal attenuation to 10 dB
to operate in the linear regime of the spectrum analyzer. Because
of the periodicity in the pulses, there are peaks, which make an
envelope that describes the pulse. A fit to this envelope gives a
pulse length of 32.7 ± 0.8 ps.

The electronic pulses can be verified by a spectrum ana-
lyzer measurement, as shown in Fig. 3, using a −75-ps
relative delay of the pulse compressor board, which is the
delay that results in the shortest measurable pulses. In the
frequency domain, many harmonics of the 500-MHz pulse
frequency are seen above the noise floor. A Gaussian fit
to the envelope results in a pulse length of 32.7 ± 0.8
ps. Since the transmission of the EOM is sinusoidal as a
function of voltage (Fig. 1), it is approximately quadratic
around the transmission minimum, Trf(Vrf) ∼ V2

rf, and the
expected optical pulse length based on the spectrum ana-
lyzer result is 2−1/2 × (32.7 ± 0.8) ps = 23.1 ± 0.6 ps.

For quick analysis of the pulse contrast, we first intro-
duce some parameters in Fig. 4(a): the number of photons
NP per pulse, peak intensity I0Trf, on top of a background
(leakage) intensity I0T0, which contains NBG photons per
period �T. From this we can calculate the ratio of pho-
tons in the pulse Np to the background photons NBG. Often,
more important is the pulse contrast, Trf/T0, for which
we use HBT measurements with 45-ps jitter single-photon
avalanche photodiodes shown in Fig. 4(b). To determine
the pulse contrast, we average over many periods follow-
ing the approach detailed in the Appendix. In Fig. 4(b)
we show an exemplary measurement, resulting in a ratio
of photons Np/NBG = 0.63 ± 0.04. The pulse contrast can
be estimated to ∼ 21 dB by assuming a square pulse and
dividing by the duty cycle of 0.005, which was measured
using the cross-correlation technique explained in Sec. III.

With such HBT measurements, we now characterize in
detail the two different EOM devices A and B. In Fig. 5,

(a)

(b)

rf

(    )

FIG. 4. (a) Time trace of the optical intensity in a pulse (the-
ory), and (b) corresponding photon coincidences (measured).
Periodic pulses with period �T each contain NP photons on top
of a background of NBG photons per period. In an HBT measure-
ment (b), this translates to CCP coincidence detection events in
the pulse on top of a CCBG background coincidences. Because of
detector jitter, the peak broadens and it is not possible to directly
determine the (peak) pulse contrast, but a Gaussian fit to the
histogram (b) works well, as explained in the text.

we show the dc and rf contrast of the EOMs as a func-
tion of laser (New Focus Velocity 3600 LN) wavelength,
for different EOM temperatures (red at 30 ◦C, green at
70 ◦C), which are temperature-controlled using an attached
resistive heater.

Figures 5(a) and 5(b) show that we obtain an excellent
dc contrast above 20 dB (Ip > 100I0T0), determined by
the minimum and maximum transmission of a bias volt-
age sweep. The oscillatory features also appear in the rf
contrast [Figs. 5(c) and 5(d)], but only up to 20 dB, indi-
cating that the rf voltage does not fully reach Vπ . Care was
taken that the same transmission minimum (Fig. 1) was
used for dc and rf contrast measurements. We clearly see a
strong wavelength dependence of the contrast, which fluc-
tuates by 10 dB over a wavelength range as little as 5 nm.
We also see that, by changing the temperature, it is possi-
ble to reach a high contrast at any wavelength within the
operating range of the EOMs.

As mentioned before, the splitting ratios of the direc-
tional couplers are crucial for the quality of the transmis-
sion minimum. When heating up the device, the geometry
of the MZI and couplers changes, which impacts the MZI
balance [21]. To operate in the transmission minimum,
it is thus crucial to set the temperature of the EOM to
the optimum for the desired wavelength. We find that this
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FIG. 5. Measured (a),(b) dc and (c),(d) rf contrast for the two
different EOMs, as a function of wavelength, for two temper-
atures. The dc contrast is determined by a bias voltage sweep,
and the rf pulse contrast is derived from the analysis of HBT
measurements (see main text). A 10-dB fluctuation in contrast
is visible over a wavelength change of a few nanometers. We
see that these fluctuations can be shifted to longer wavelengths
by heating up the device. The dc contrast is slightly higher than
the rf contrast due to limited Vrf. For EOM B there is a fine
structure around 935 nm. Further measurements (not shown)
uncover high-frequency oscillations that are just resolved using
the sample spacing in this figure.

method produces high-contrast pulses with long-term sta-
bility. This again emphasizes that matching the rf peak
voltage to Vπ is not the most important aspect in mak-
ing high-contrast pulses using an EOM, but the minimum
transmission strongly determines the achievable contrast
(Fig. 1).

III. EOM-BASED OPTICAL
CROSS-CORRELATION

In HBT measurements, limited timing resolution and
detector jitter do not allow one to precisely determine the
optical pulse shape. Here we introduce a cross-correlation
method using two similar EOM devices operating in
series via an optical delay line, shown schematically in
Fig. 6(a). Importantly, this method needs only a slow pho-
todiode. The optical power transmitted through the EOMs
is given by the time-averaged product of the transmission
through EOM A(B): TA(B)(t). When the optical delay �τ

is adjusted to (a multiple of) the period of the pulse gener-
ator �T, the correlation between the transmission from the
EOMs can be measured by varying the optical delay as

I(τ ) = 1
�T

∫
�T

I0TA(t)TB(t − �τ) dt. (1)

EOM A EOM B

(a)

(b)

(ps)

(p
s)

dc
dc

FIG. 6. (a) The schematic setup of the cross-correlation gating
technique. A laser is sent to EOM A, then via an optical delay
line to EOM B; the result is measured using a slow photodiode.
Both EOMs are synchronously driven with a repetition rate that
matches to the optical delay. (b) A measured cross-correlation
when driving the EOMs without an amplifier; the through lines
are Gaussian fits. The color of the line corresponds to the relative
delay set on the pulse compressor, ranging from −80 ps (yellow)
to +50 ps (blue). As the delay difference increases, the pulses
become longer, as evidenced by the width of the peak.

This method requires only moderately similar EOM char-
acteristics and an electronic jitter lower than the pulse
width.

The transmission of the EOM can be split into a part
describing the dc bias Tdc and the rf modulation signal
Trf. If the dc bias of an EOM is chosen such that Tdc is
in a minimum, any nonzero rf modulation will result in
an increased transmission. The normalized EOM trans-
mission is obtained by dividing by the measured intensity
without rf modulation, CA(B)(t) = Trf,A(B)(t)/Tdc,A(B):

I(τ )/〈I0Tdc,ATdc,B〉
= 1 + 〈CA(t)〉 + 〈CB(t)〉

+ 1
�T

∫
�T

CA(t)CB(t − �τ) dt. (2)

For the experimental demonstration of the correlation
method, we first connect the EOMs directly to the pulse
compressor without amplifiers. Figure 6(b) shows the
result for several settings of the relative delay of the
electronic delay lines that determine the pulse length.

014017-4
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We observe a Gaussian-shaped envelope of the cross-
correlation signal, which is due to the integral term in Eq.
(2). The vertical offset between the curves is caused by the
increase in time-averaged transmission with longer pulse
lengths, which leaks through the other EOM due to finite
T0; this is described by 〈CA(t)〉 + 〈CB(t)〉 in Eq. (2).

The data in Fig. 6(b) are interpreted as the cross-
correlation of the EOM transmission averaged over many
periods and are fit with a Gaussian function with a constant
offset. From this, the averaged pulse height and width pro-
duced by a single EOM can be found, providing an upper
limit to the pulse width of an individual pulse, which is
broadened due to jitter after averaging over many peri-
ods. For a relative pulse compressor delay of −75 ps,
corresponding to the condition of the spectrum analyzer
measurement in Fig. 3, the optical pulse length in the
cross-correlation measurement is 24.2 ± 1.8 ps; this agrees
very well with the spectrum analyzer result of 23.1 ± 0.6
ps. We note that, as the pulse length becomes long rela-
tive to the edge [pulse compressor delay of ≥ −20 ps in
Fig. 6(b)], the cross-correlation shape changes to a more
triangular shape, as expected for square pulses, but is still
well approximated by a Gaussian.

At the maxima of the curves in Fig. 6(b), the two EOMs
are exactly synchronized. In this case, the time-dependent
transmission of each EOM is multiplied: for Gaussian
pulses, the transmission through the cascaded EOMs is
e−t2/σ 2

e−t2/σ 2 = e−2t2/σ 2
. The pulse width (proportional to

σ ) is a factor
√

2 shorter than that using a single EOM [20],
allowing an optical pulse down to 17 ps. Additionally, the
contrast of both EOMs is multiplied.

We now explore the trade-off between pulse contrast and
pulse length with the cross-correlation technique. In Fig. 7
we compare pulses made with and without the amplifier for
several pulse compressor delay settings (color scale). The
pulse contrast is rather low for short pulses of around 25
ps, but rapidly increases and starts to saturate at 35-ps-long
pulses. This inflection point is around a pulse compressor
relative delay of −50 ps. Without the amplifier the pulse
contrast at saturation is 11 dB, while with the amplifier it is
22 dB. Using an amplifier increases the pulse contrast for
all pulse lengths by 11 dB without significantly affecting
the pulse width, indicating that the system is not limited
by the amplifier bandwidth.

IV. EOM-DRIVEN SINGLE-PHOTON SOURCE

Now we demonstrate the use of our EOM laser pulses
to drive an InGaAs QD–microcavity-based single-photon
source; see Ref. [22] for details about the device design.
We use resonant excitation of a negatively charged QD
(cavity-enhanced lifetime 1/γ = 710 ± 110 ps), and now
different single-photon detectors with a higher detection
efficiency but 350-ps jitter. We align the device and opti-
mize cross-polarization [19] to remove the excitation laser

(ps)

(p
s)

Pu
ls

e 
co

nt
ra

st
 (d

B)

FIG. 7. Pulse width (horizontal axis) and contrast (vertical
axis) for different settings of the relative delay of the pulse
compressor (color scale) without (square symbols) and with
(diamond symbols) an amplifier between the pulse compressor
output and the EOMs. Error bars smaller than the symbol size
are not shown.

using continuous-wave laser light, before we enable the
EOMs to obtain short pulses.

First, we measure the second-order correlation func-
tion g(2)(τ ) for various EOM pulser conditions, shown in
Fig. 8. For these measurements we use the same pulse
length of 60 ± 1 ps, because this is the shortest pulse
length that gives a good contrast in g(2)(τ ) for all con-
ditions. We see that by EOM temperature optimization
g(2)(0) decreases from 0.34 ± 0.01 to 0.27 ± 0.01, and
even more by cascaded operation of two temperature-
optimized EOMs to g(2)(0) = 0.18 ± 0.01. This is as
expected, since a reduced excitation laser background I0T0
reduces the influence of QD re-excitation and detector jit-
ter. This laser background makes it difficult to compare
the optical excitation power. For the measurements shown
in Fig. 8, the time-averaged power was kept constant;
the pulse energy was kept below the energy required for
full population inversion. In the cascaded case, passage
through the second EOM further shortens the pulse length
as mentioned above, which further decreases g(2)(0).

We note that at a pulse length of ∼ 0.1γ we should
expect g(2)(0) ∼ 10−2 [3], which is similar to the value
expected from our cross-polarization laser leakage [19].
The higher observed value of g(2)(0) is most likely due to
cavity-enhanced nonresonant emission [23,24].

Similarly as we have determined the laser pulse con-
trast from HBT measurements in Sec. II, we now deter-
mine the single-photon pulse contrast. For this, we fol-
low the procedure explained above and in the Appendix,
but ignoring data around τ = 0 because this peak is of
course absent for single-photon sources. For a single EOM
and without temperature optimization, we obtain (Fig. 8)
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(ns)

FIG. 8. Measured g(2)(τ ) with a temperature-unoptimized
EOM (40 ◦C), a temperature-optimized EOM (27 ◦C), and a
double-optimized EOM (cascaded). We added a time (horizon-
tal, τ ) offset between the measurements for clarity; the g(2)(τ )

axis is without added offset.

a single-photon pulse contrast of 22.8 ± 0.1 dB. This
improves to 28.8 ± 0.1 dB by EOM temperature optimiza-
tion; and if two temperature-tuned EOMs are cascaded, we
observe a single-photon pulse contrast of 35.6 ± 0.1 dB.

Finally, we modify the cross-correlation setup of Sec.
III to characterize the time-dependent resonance fluores-
cence of a (different) quantum dot. The first EOM is used
to create short light pulses, which excite the QD trion tran-
sition, and the second EOM is used to temporally gate
the resonance fluorescence from the QD device, detecting
integrated counts using a single-photon detector with 350-
ps jitter. Now we use a relative pulse compressor delay
of −60 ps, corresponding to an optical pulse length of
31.39 ± 0.04 ps.

We first measure the excitation laser (red curve in Fig. 9)
by tuning the quantum dot out of resonance and tuning the
polarization condition. From this we obtain that the mea-
sured length of the transmission window of an EOM is
35.8 ± 0.7 ps. This window is 4 ps longer than the pre-
viously measured single-EOM pulse length in Fig. 7. We
think that this small deviation is due to FPGA trigger sig-
nal jitter; this is more important here since the optical path
between the EOMs is much longer (∼ 20 m extra fiber to
the QD setup and back). This trigger signal jitter adds a
small error, as the measured pulse length is the average of
many periods.

Now we measure QD resonance fluorescence. We see
that the green curve in Fig. 9 sharply increases to a maxi-
mum that coincides with the end of the excitation pulse.
After the excitation pulse, the resonance fluorescence
shows an exponential decay with a lifetime of 89 ± 2 ps.
We note that this is an upper limit since the detection gate
FWHM is on the same order of magnitude as the measured

(ps)

(a
rb

. u
ni

ts
)

FIG. 9. EOM-gated measurement of the QD resonance fluo-
rescence and laser excitation pulse. We normalized the counts
for ease of comparison.

lifetime, thus strictly a deconvolution is required. This
allows us to resolve the cavity-enhanced quantum dot life-
time even though the end-to-end jitter of our single-photon
detection system is a few hundred picoseconds.

V. CONCLUSION

We have shown that a custom-made picosecond-range
electronic pulse compressor in combination with high-
bandwidth EOMs can be used to drive a fast quantum
dot–cavity single-photon source. By driving two EOMs
with the same pulse compressor, combined with an optical
delay, the pulse shape or the QD resonance fluorescence
can be investigated with picosecond resolution with a slow
detection system. Further, by cascading and synchronizing
the EOMs, the pulse length can be decreased down to 17 ps
while the single-photon pulse contrast increases by ∼ 10
dB. For achieving high-contrast pulses, it is most important
to operate the EOM as close as possible to the trans-
mission minimum, more so than reaching full modulation
depth. The minimum transmission depends sensitively on
the used wavelength and device temperature; both param-
eters can be optimized. In the future, new dc bias locking
techniques [25,26] could further improve the pulse con-
trast, and we envision the generation of more complex
pulse patterns.
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APPENDIX: PULSE CONTRAST FROM HBT
COINCIDENCE COUNTS

The expected measured intensity I(t) of the detector can
be described as

I(t) = IBG + f (t), (A1)

where IBG is the background intensity and the function
f (t) describes the pulse shape as measured by the detec-
tor, including the detector response. The number of mea-
sured photons in a pulse is independent of detection jitter:∫

f (t) dt = 〈Np〉.
Substituting the measured intensity [Eq. (A1)] into the

coincidence function 〈I(t)I(t − τ)〉 (where the brackets
average over one period �T) produces three terms:

I 2
BGT + 2IBG〈Np〉 +

∫
�T

f (t)f (t − τ) dt. (A2)

The first two terms are not dependent on τ and together are
equal to the background in correlations; the integral term
describes the correlation peak. Integrating the last term
over one period in both τ and t results in

∫
�T

∫
�T

f (t)f (t − τ) dt dτ = 〈Np〉2, (A3)

allowing the mean detected photons in a pulse to be found.
The ratio Np/NBG is proportional to the transmission

contrast via the duty cycle D of the pulses, Np/NBG ≈
DTp/TB. The exact relation is dependent on the pulse
shape; for a square pulse it is exact, while a Gaussian pulse
introduces a factor of 1

2

√
π/ln 2, when the pulse width is

measured by the FWHM.
From a measured g(2)(τ ) histogram, as shown in the

right panel of Fig. 4(b), the contrast can be calculated. By
fitting a Gaussian to the main peak, the background level
can be determined with high resolution, which is useful for
high contrasts when the average background coincidences
are very low.
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[5] T. Huber, A. Predojević, D. Föger, G. Solomon, and G.
Weihs, Optimal excitation conditions for indistinguishable
photons from quantum dots, New J. Phys. 17, 123025
(2015).

[6] M. Bozzio, M. Vyvlecka, M. Cosacchi, C. Nawrath, T.
Seidelmann, J. C. Loredo, S. L. Portalupi, V. M. Axt, P.
Michler, and P. Walther, Enhancing quantum cryptography
with quantum dot single-photon sources, Npj Quantum Inf.
8, 1 (2022).

[7] H. Ollivier, S. Thomas, S. Wein, I. M. de Buy Wenniger,
N. Coste, J. Loredo, N. Somaschi, A. Harouri, A. Lemaitre,
I. Sagnes, L. Lanco, C. Simon, C. Anton, O. Krebs, and
P. Senellart, Hong-Ou-Mandel interference with imper-
fect single photon sources, Phys. Rev. Lett. 126, 063602
(2021).

[8] A. C. Dada, T. S. Santana, R. N. E. Malein, A. Koutrouma-
nis, Y. Ma, J. M. Zajac, J. Y. Lim, J. D. Song, and B.
D. Gerardot, Indistinguishable single photons with flexible
electronic triggering, Optica 3, 493 (2016).

[9] S. Meyer, T. F. Kutscher, P. Lamminger, F. Sommer, and
S. Karpf, Leveraging the periodic interference condition in
electro-optic modulators for picosecond pulse generation,
Opt. Contin. 2, 2298 (2023).

[10] N. Coste, D. A. Fioretto, N. Belabas, S. C. Wein, P. Hilaire,
R. Frantzeskakis, M. Gundin, B. Goes, N. Somaschi,
M. Morassi, A. Lemaître, I. Sagnes, A. Harouri, S. E.
Economou, A. Auffeves, O. Krebs, L. Lanco, and P. Senel-
lart, High-rate entanglement between a semiconductor spin
and indistinguishable photons, Nat. Photonics 17, 582
(2023).

[11] Y. Karli, F. Kappe, V. Remesh, T. K. Bracht, J. Münzberg,
S. Covre da Silva, T. Seidelmann, V. M. Axt, A. Rastelli,
D. E. Reiter, and G. Weihs, SUPER scheme in action:
Experimental demonstration of red-detuned excitation of a
quantum emitter, Nano Lett. 22, 6567 (2022).

[12] S. L. N. Hermans, M. Pompili, L. D. S. Martins, A. R.-
P. Montblanch, H. K. C. Beukers, S. Baier, J. Borregaard,
and R. Hanson, Entangling remote qubits using the single-
photon protocol: An in-depth theoretical and experimental
study, New J. Phys. 25, 013011 (2023).

[13] L. R. Hofer, D. B. Schaeffer, C. G. Constantin, and C.
Niemann, Bias voltage control in pulsed applications for
Mach–Zehnder electrooptic intensity modulators, IEEE
Trans. Control Syst. Technol. 25, 1890 (2017).

[14] E. Wooten, K. Kissa, A. Yi-Yan, E. Murphy, D. Lafaw, P.
Hallemeier, D. Maack, D. Attanasio, D. Fritz, G. McBrien,
and D. Bossi, A review of lithium niobate modulators
for fiber-optic communications systems, IEEE J. Sel. Top.
Quantum Electron. 6, 69 (2000).

[15] F. Valdez, V. Mere, and S. Mookherjea, 100 GHz band-
width, 1 volt integrated electro-optic Mach–Zehnder mod-
ulator at near-IR wavelengths, Optica 10, 578 (2023).

[16] K. Fischer, S. Sun, D. Lukin, Y. Kelaita, R. Trivedi, and J.
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