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Abstract
Interfacing light from solid-state single-photon sources with scalable and robust room-temperature
quantum memories has been a long-standing challenge in photonic quantum information
technologies due to inherent noise processes and time-scale mismatches between the operating
conditions of solid-state and atomic systems. Here, we demonstrate storage of single photons from
a semiconductor quantum dot (QD) device in a room-temperature atomic vapor memory and
their on-demand retrieval. A deterministically fabricated InGaAs QD light source emits single
photons at the wavelength of the cesium D1 line at 895 nm which exhibit an inhomogeneously
broadened linewidth of 5.1(7) GHz and are subsequently stored in a low-noise ladder-type cesium
vapor memory. We show control over the interaction between the single photons and the atomic
vapor, allowing for variable retrieval times of up to 19.8(3) ns. A maximum internal efficiency of
ηint = 0.6(1)% is achieved. Our results expand the application space of both room-temperature
vapor memories and semiconductor QDs in future quantum network architectures.

1. Introduction

High-fidelity quantum networks require an architecture that connects individual quantum nodes via
photonic quantum channels [1]. In this context, quantum memories play a pivotal role in distributing
entanglement over large distances [2], buffering local network nodes and increasing the networks’
throughput. Due to their scalability and robustness, room-temperature atomic vapor memories are a
particularly well-suited memory platform [3, 4]. Semiconductor quantum dots (QD), on the other hand,
have emerged as a highly promising platform for the deterministic generation of single photons and
entangled photon states of light in the field of photonic quantum information processing [5]. In particular,
InGaAs QDs operating in the near-infrared (NIR) spectral range are highly suitable for integration into
quantum networks due to their ability to emit single photons with high purity and indistinguishability [6, 7].
Controlled interactions between such heterogeneous systems can be the backbone of future quantum
network applications such as quantum-secure communication [8–10], remote sensing [11–13] or distributed
quantum computing [14].

Interfacing QD-based single-photon sources (SPS) with atomic vapor-based quantum memories
presents substantial challenges due to bandwidth mismatches between solid-state and atomic systems,
intrinsic noise processes and the need for matching of operational wavelengths with sub-GHz accuracy [15].
Nevertheless, significant progress has been achieved in this field. This includes the wavelength-matched
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interaction and delay of QD single photons in alkali vapor [16–19], delay of two-photon Fock states [20] and
delay of entangled photons [21]. However, these demonstrations only delayed the single photons but did not
allow for on-demand control of the interaction with the alkali vapor. The latter requires a suitable low-noise
and bandwidth-matched optical memory.

Previous works on ladder-type memories in room-temperature vapors [22, 23] have shown simultaneous
ultra-low noise and high-bandwidth operation which is a key requirement for storing QD photons with large
linewidth in optical memories. Indeed, several alkali vapor memories have been experimentally identified to
be readily compatible with single photons emitted from QD devices [24–26]. Most recently, spectrally filtered
telecom single photons from an InAs QD have been stored in a hot atomic vapor memory in a
proof-of-concept experiment [27]. However, the level configuration of the used memory limited the
effectively non-variable storage time to 800 ps, i.e. on the timescale of the exciton lifetime. For
synchronization and buffering a time-bandwidth product B≫ 1 and real time controllability of the
on-demand memory read-out are required. A QD-memory interface that provides such utility remains a
milestone yet to be achieved.

In this work, we present such an interface between an InGaAs QD device and a room-temperature Cs
vapor memory. We demonstrate storage of single photons and on-demand retrieval which means
deterministic memory operation with a continuously variable storage time. The QD is deterministically
integrated [28, 29] into a hybrid circular Bragg grating (hCBG) cavity [30, 31] and wavelength-aligned with
the Cs D1 line at 895 nm. The ladder-type memory allows for programmable storage times of up to
τs = 19.8(3) ns, exceeding the spontaneous emission lifetime of the QD τQD = 1.4(1) ns by more than one
order of magnitude, resulting in a time-bandwidth product of B= τs/τQD = 14(1). The QD photons are
stored and retrieved with an internal efficiency of ηint = 0.6(1)%.

2. Experimental setup

This experiment consists of two heterogeneous parts: the cryogenically cooled QD-hCBG SPS and the
room-temperature atomic vapor memory, as depicted in figure 1. Initially, an optical setup collects the single
photons emitted by the QD device and couples them into a single-mode fiber to be connected to the
quantum memory setup. In the following section, we first describe the fabrication of the QD device and its
optical properties before presenting the QD-memory interface.

2.1. QD single-photon source
The QD-hCBG SPS employed in this study is based on a sample containing InGaAs QDs, grown by
molecular beam epitaxy (MBE) [32]. By employing a flip-chip wafer bonding process, a thin membrane of
GaAs with the embedded QD-layer is hybridly integrated with silicon dioxide (SiO2) as a dielectric layer and
a backside gold mirror as a reflector to redirect the downward propagating light towards the top [33, 34]. To
further improve the collection efficiency and to generate a near-Gaussian far-field emission profile of the
source, the QD sample is integrated with a CBG cavity which comprises a central mesa surrounded by three
periodic concentric rings [31, 34–36]. The fabrication of the device is based on the in-situ electron beam
lithography (iEBL) technique which allows for straightforward deterministic integration of QDs into the
resonator structure [28, 37]. The design parameters for the hCBG cavity were numerically optimized using a
finite element method (FEM) [38, 39].

The QD-hCBG device is placed in a closed-cycle He-cryostat and excited above the bandgap using a
mode-locked Titanium-Sapphire (Ti:Sa) laser emitting ps-pulses with 80MHz repetition rate at the central
wavelength of 866 nm. The hCBG device demonstrates a first lens count rate of 32× 106 per second which
corresponds to a source brightness of 40(3)% in terms of the photon extraction efficiency. Under
non-resonant excitation, the neutral exciton emission of the QD at 4 K has a wavelength of 894.53 nm. By
heating the sample to 17 K, the emission is red-detuned by 15(8)GHz to spectrally overlap with the Cs-D1
line at 894.57 nm. To ensure the frequency matching of the QD to the D1 line at a precision beyond the
resolution of the spectrometer, a temperature-stabilized Fabry-Pérot etalon with 500MHz linewidth and
25GHz free spectral range is used as a fine-grained relative frequency reference. The spectrometer and the
etalon are calibrated with a distributed feedback (DFB) laser set on the F= 4 to F ′ = 3 transition of the Cs
D1 line by observing Doppler-free spectroscopy in a Cs cell for absolute frequency reference.

The QD emission spectrum shown in figure 2(b) consists of the neutral excitonic (X) and biexcitonic
(XX) emission lines with normalized intensity measured using the spectrometer. The blue curve shows the
H-polarized component of the fine-structure-split QD emission which is directed to the memory setup,
while the red curve shows the V-polarized component which is discarded by polarization filtering.

Time-resolved second-order correlation measurements were performed to determine the g(2)(t)-function
using a fiber-based Hanbury Brown and Twiss (HBT) configuration [40], see figure 2(c). The measurements
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Figure 1. Interconnection of QD SPS with atomic quantum memory. (a) Electronic band structure of the InGaAs QD; (b) atomic
level scheme of cesium including the D1 signal and control transitions; artistic impression of (c) the quantum memory and (d)
the QD-hCBG SPS.

were conducted using superconducting nanowire single-photon detectors (SNSPD), characterized by an
instrument response function (IRF) of 93 ps of the two combined channels in HBT configuration. The
analysis of the emission peak corresponding to the Cs transition at the sample temperature of 17 K yields a
g(2)(0) value of 15(2)% when considering the area under the curve. The inset of the figure provides a
magnified view of the g(2)(0) region. We observe a carrier-recapturing effect near the zero delay which can be
attributed to the non-resonant above-band excitation scheme leading to uncontrolled emission time jitter
from the non-radiative high-level to s-shell relaxation [41, 42]. Though this effect degrades the
single-photon purity, we still measure a g(2)(0) value well below 0.5 which confirms the non-classical nature
of the photon emission.

Figure 2(d) shows the results of time-resolved photoluminescence measurements for the QD excitonic
emission line with a decay time of τQD = 1.39(7) ns. Furthermore, a decay time of τQD = 2.23(9) ns, was
measured when the QD emission traversed both the 60 ◦C Cs cell and the 500MHz etalon. This longer decay
time is consistent with the delay induced by the dispersive interaction of the single photon with the hot Cs
vapor inside the cell, which broadens the wavepacket and modifies the apparent QD emission lifetime, as
observed in [17–21]. Further characterization of optical properties and details on the fabrication of the
QD-hCBG device can be found in the appendix.

2.2. QD-memory interface
Figure 3 shows a schematic of the combined QD-memory setup. The optical configuration described in
appendix B is used to collect and analyze the QD photoluminescence. Following spectral filtering of the
excitonic emission through the spectrometer, H-polarized photons are coupled into a single-mode optical
fiber and sent to the memory. We do not further filter or manipulate the photons from the QD neither
temporally nor spectrally prior to storage in the memory. To demonstrate longer storage times, the excitation
rate of the QD-hCBG device is reduced to 40MHz with an electro-optical modulator (EOM) acting as a pulse
picker. This allows storage and retrieval experiments within a 25 ns time window after each emission event.

The used memory is a warm atomic vapor memory that operates on the Cs D1 line at 895 nm. We
employ a ladder-type configuration [22, 23] that allows for low-noise on-demand storage and retrieval of
high-bandwidth single photons. A high-intensity control pulse overlaps with the QD photons within a Cs
vapor cell that is heated to 60 ◦C. This results in a spin-orbital coherence of the Cs atoms, the spinwave,
which can be mapped back to the initial photon field by re-applying the control pulse. A recent experimental
benchmark of the system using attenuated laser pulses has shown that the memory achieves a 1/e-storage
time of≈32 ns and up to 15(1)% internal efficiency at 0.06(2) photons per pulse, while keeping a high
signal-to-noise ratio of 830(80) [26].
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Figure 2. The QD-hCBG device and its single-photon properties. (a) SEM image (45◦-tilted view) of a fabricated QD-hCBG
device composed of GaAs membrane after in-situ fabrication. (b) Polarization-resolved H-V spectra of the QD integrated into a
hCBG device emitting at 17 K. The inset displays a magnified view of the exciton emission spectra centered around 894.57 nm
aligned with the memory frequency. The gray area represents the spectrometer FWHM resolution, which is about 7.5GHz
(31µeV). (c) Measured and fitted photon autocorrelation function g(2)(t) of the QD at 17 K. The area-integrated value is
15(2)%. The inset shows a magnified view at zero delay. (d) Measured and fitted spectrally filtered emission decay times. The
black curve with τQD = 1.39(7) ns and the red curve with τQD = 1.47(8) ns correspond to data collected without and with a
500MHz etalon filter, respectively. The blue curve with τQD = 2.23(9) ns represents data collected through both an etalon filter
and a 60 ◦C Cs cell. The fast decay demonstrates the dominant radiative decay dynamics. In contrast, the minor contribution
from slower components is likely attributable to dark excitons or weak non-radiative processes.

Using control pulses with about 0.1 nJ per pulse the memory’s spectral acceptance window of
W = 560(60) MHz is measured at a frequency detuning of∆=−500MHz from the F= 4 to F ′ = 3
transition of the Cs D1 line. This is larger than the homogeneous linewidth (≈400MHz) of the QD photons.
Further characteristics of the memory and a detailed setup sketch can be found in [26]. To further spectrally
suppress uncorrelated background emission from the QD and to enhance the contrast of the retrieved signal,
the transmitted light is frequency filtered behind the memory with a temperature stabilized Fabry-Pérot
etalon with 500MHz linewidth and 25GHz free spectral range. The retrieved photons are subsequently
detected with an SNSPD.

3. Results

The arrival time histogram in figure 4 shows the storage and retrieval of the QD photons from the memory.
The first peak corresponds to the leakage, i.e. the photons that have not successfully been read-into the
memory due to imperfect temporal mode match, insufficient optical depth and limited availability of control
laser power. The second peak corresponds to the number of photons that are retrieved from the memory Nret

after the storage time τs. To evaluate the efficiency of the memory, we take a reference measurement of the
unmodified QD photons that are sent into the memory unit and extract the number of input photons,
Ninput. The end-to-end efficiency of the memory, which includes the setup transmission and filtering losses,
is given by: ηe2e = Nret/Ninput = 0.026(4)%. The number of retrieved photons for the calculation of ηe2e is
determined from a Gaussian fit of the retrieval peak and an exponential fit to the QD leakage. The internal
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Figure 3. Schematic of the combined experimental source–memory setup. The emitted QD photons are collected with an
apochromatic cryogenic objective lens with a high numerical aperture (NA= 0.81). A bandpass filter (BP) (10 nm FWHM)
suppresses the excitation laser. A high-resolution spectrometer (7.5 GHz, 31µeV) is used to monitor the QD emission. A digital
delay generator (DG) relays the trigger of the Ti:Sa to a programmable pulse generator (PPG), an arbitrary function generator
(AFG), a time tagger (TT) and an oscilloscope (Osci). After retrieval from the memory the QD single photons are frequency
filtered with a narrow bandpass (NBP) filter (1 nm FWHM) and an etalon (500MHz FWHM) and detected with a
superconducting nanowire single photon detector (SNSPD). TA, tapered amplifier; QDµPL, QD micro photoluminescence; Cs,
cesium vapor cell; EOM, electro-optical modulator; ECDL, external-cavity diode laser.

efficiency of the storage and retrieval process can be calculated from the setup transmission T, which is
measured with the calibration laser that is 6GHz red-detuned from the F= 4 to F′ = 3 transition, and the
end-to-end efficiency. The memory achieves its maximum internal efficiency at a storage time of 15.8(3) ns:
ηint = ηe2e/T= 0.6(1)%. A detailed loss budget for the setup and the evaluation method can be found in
appendix G.

The characterization of the memory with attenuated laser pulses has shown an internal efficiency of
15(4)%. The main effect that contributes to the lowered efficiency for the storage of QD photons is their
large inhomogeneous linewidth of δν = 5.1(7)GHz compared to the spectral acceptance window of the
memory ofW = 560(60)MHz [26]. Only approximatelyW/δν ≈ 0.1 of the QD emission falls within the
spectral acceptance window and can be read into the memory. Spectral filtering of the incident QD photons,
i.e. putting an etalon in front of the memory, could formally increase the internal efficiency of the memory
by a factor 10, without improving the storage and retrieval rate. Taking this into account, the memory
efficiency in this work is comparable to [27]. Another factor contributing to the reduced efficiency is the
mismatch of the temporal mode profiles of the QD photons and the control laser [43]. This is estimated to
reduce the efficiency by a factor of 0.66. Considering these limiting factors, the memory efficiency in this
experiment is consistent with the characterization of the memory in [26]. The end-to-end efficiency of the
setup is stable over a QD temperature range of±1 K facilitating long-term operation in future experiments.

The inset of figure 4 shows the internal efficiency of the memory for different retrieval times. From the
Doppler-dephasing of the spinwave one would expect an exponential decay of the efficiency over time.
However, we observe a non-monotonic behavior with a maximum at 15.8 ns storage time. This effect can be
attributed to the coupling of the control field to the full hyperfine manifold of the 6D 3/2 level which results
in a beating and rephasing of multiple spinwave contributions. By preparing the atomic ensemble in a
stretched state by means of optical Zeeman pumping this effect can be mitigated [23]. The accessible retrieval
times in this experiment are further limited by the repetition rate of the QD-hCBG SPS and the exponential
background during the retrieval window. Technical limitations aside, the memory storage time is
fundamentally limited only by the 1/e-dephasing time of the spinwave (≈32 ns) and the lifetime of the 6D 3/2

storage level.
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Figure 4. Arrival time histogram of the QD single-photon storage experiment. The bin width of the data is 100 ps. QD photons
get stored in the memory (yellow area—storage) and retrieved after the storage time τs = 13.8(3) ns (orange area—retrieval).
The gray dashed line shows the shape of transmitted QD photons without the influence of the control laser. The gray shaded area
marks the photons that leak through the memory without being stored. The control laser noise is practically at dark count level of
the detector. The constant background of 30 counts per time bin stems from un-timed emission due to the non-resonant
excitation of the QD. The inset shows the end-to-end efficiency of the QD single-photon memory for different storage times up to
19.8(3) ns. The non-monotonic behavior is expected from the complex spinwave dynamics; due to the beating of multiple
addressed hyperfine levels of the storage states as discussed in [23, 26].

4. Discussion

For practical usage of the QD-memory interface a high end-to-end efficiency is crucial. The lack thereof
hinders e.g. correlation measurements on the stored and retrieved photons. The efficiency of the current
setup is predominantly limited by technicalities, namely optical losses and the large inhomogeneous QD
linewidth. Significant improvements of the emission properties of the QD-hCBG device, the linewidth and
the single-photon purity in particular, are expected under resonant or two-photon excitation [15] and at a
lowered operation temperature. The necessary fine-tuning of the emission wavelength can be achieved with
piezo-controlled strain-tuning [44] or by static electric fields [45]. Furthermore, Purcell-engineering of
emission in suitably designed hCBGs could further improve the matching of the homogeneous emission
linewidth to the memory system. Possible technical measures for improving the efficiency of the memory
setup include higher optical depth through incorporation of optical pumping and bandwidth increase
through higher control laser power. The storage time of the memory is mostly limited by residual Doppler
broadening between the signal and control fields. By means of velocity-selective pumping [46] or
off-resonant dressing of the storage state [47] this limitation can be mitigated. These changes could improve
the memory’s time-bandwidth product and efficiency, making it practically useful for photon buffering,
enhancing the rate of probabilistically generated single photons and allowing for interference experiments
between heterogeneous single photon sources. In addition, the compatibility of Λ-type memories [24] with
QD-sources and the availability of noise-inhibiting techniques [48] show a clear path towards longer storage
times.

Already in its current state, this experiment enables on-demand control over the timing of single photons
which is a fundamental prerequisite for interconnects between different photonic channels in quantum
networks. In such networks the photonic resources will most likely be of heterogeneous nature. Thus, a
memory platform that is compatible with a variety of SPS is of utmost importance. In light of our results and
other recent publications that demonstrate the compatibility of alkali vapor memories with SPDC sources
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[49, 50] and vapor-based sources [51], room-temperature vapor memories advance as highly promising
candidates for routing, buffering and conditioning of quantum information locally, or in metropolitan-scale
heterogeneous networks.

5. Conclusion

In summary, we demonstrate on-demand storage and retrieval of single photons from a QD-hCBG SPS in a
room-temperature atomic vapor memory. Variable retrieval times range up to 19.8(3) ns. The memory
achieves a maximum internal efficiency of ηint = 0.6(1)% and a time-bandwidth product of B= 14(1). By
providing an interface for real time controllability of the arrival time of single photons from a QD device this
work contributes to the development of heterogeneous platforms for buffering and synchronization of
quantum network nodes.
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Appendix A. Device design and fabrication

The nanophotonic device design is crucial for optimizing the interaction between the component geometry
and refractive indices, especially when QDs interface with atomic vapors with varying optical properties like
different transition linewidths. This optimization process places exact demands on solid-state single-photon
emitters’ quality and emission characteristics.

To achieve this optimization, numerical simulations were conducted using the commercial FEM
software, JCMsuite [38, 39]. By modelling different CBG designs we could evaluate their performance
metrics, such as photon extraction efficiency and fabricate the structure accordingly. The design process was
meticulous in accounting for the refractive index dispersion of all relevant materials, including
low-temperature GaAs, SiO2, Gold, and Titanium which was essential for ensuring the accurate modelling of
the optical properties. The values of the refractive indices have been determined at cryogenic temperature by
partial interpolation and extrapolation from the well-established literature to ensure the reliability and
accuracy of the simulation [52–55]. The device design is based on a hCBG resonator structure, which was
selected due to its ability to enhance the efficiency of photon extraction from QDs [31, 34–36]. The cavity
effect in this configuration remains sufficiently weak to preserve the QD’s intrinsic linewidth, thereby
maintaining the spectral narrowness necessary for interfacing with atomic transitions. In the experiment, we
determine a Purcell factor of around 1 in accordance with our numerical calculations. The hCBG design
comprises a thin membrane (461 nm) of GaAs with an InGaAs QD, a central mesa with a diameter of
864 nm, surrounded by three concentric rings with a period of 540 nm. To improve the photon collection
efficiency and their far-field emission profile, a thin layer of silicon dioxide (250 nm) was positioned beneath
the CBG, followed by 200 nm of Gold. This hybrid configuration was specifically chosen to redirect
downward-propagating light towards the top, thereby improving collection efficiency and yielding a
near-Gaussian far-field emission profile [36].

The sample fabrication of the single-photon source starts with the growth of the layer structure and QD
formation by the MBE process [32] with two AlGaAs sacrificial layers for the controlled flip-chip process [33,
34]. This technique allows for precise control over the size and composition of the QDs, thereby ensuring
compatibility with the subsequent fabrication steps. The subsequent process is followed by the flip-chip gold
thermocompression bonding to implement the gold mirror on the backside.

The fabrication process of the QD-hCBG, is based on the in-situ electron beam lithography (i-EBL)
technique [28]. The process commences with cathodoluminescence (CL) spectroscopy at 20 K, which enables
the precise mapping of the QD emission characteristics. The initial CL mapping also provides insight into
the density of the QDs, which facilitates the identification of low-density areas and finally of individual QDs.
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In the i-EBL process flow, a 300 nm thick layer of CSAR (AR-P-6200-13) resist is spin-coated onto the
flip-chipped QD sample. To achieve precise patterning, a proximity-corrected nano mask design was
employed to optimize the size and shape of the final device. Initially, a 20× 20µm2 area was scanned to
remap the sample and accurately locate suitable QDs. The selection of these QDs was performed manually,
focusing on those within the target wavelength range of 895(1) nm. Subsequently, the identified QDs were
subjected to precise electron beam lithography, whereby CBGs with numerically optimised designs were
exposed into the CSAR resist. The CBGs were aligned with great precision to the corresponding QD
positions, where the resist is locally inverted, rendering it insoluble during the development step that
followed. This precise alignment process, conducted in situ, ensured that the CBGs were accurately aligned
with the pre-selected QDs, achieving an alignment accuracy of approximately 30–40 nm [37, 56]. The
precision of the alignment is essentially constrained by the random mechanical drift of the cryostat, which
exhibits a drift rate of between 5–9 nmmin−1. The non-inverted resist was removed during the development
process, leaving the desired CBG structures as an etching mask on the sample surface. The subsequent
fabrication step involved the transfer of the CBG profile into the semiconductor material via a highly
anisotropic, inductively coupled plasma-reactive ion etching process [57]. The etching process resulted in the
removal of approximately 461 nm of GaAs material, including the uncovered QD layer in the designated
areas. This led to the formation of GaAs CBGs, each precisely integrated with a single, pre-selected QD. The
final structure, as depicted in figure 2(a) in the main manuscript, revealed a well-defined device that was
optimised as a bright source of single photons.

Appendix B. QD Single-photon characteristics

The fabricated QD-hCBG devices are characterized to ensure that their performance meets the design
specifications. The key parameters evaluated include the photon extraction efficiency (see appendix G), the
emission wavelength alignment with the Cs-D1 line with the temperature tuning properties (see section 3),
and single-photon emission properties. Figure B1 shows the measured second-order photon autocorrelation
function for two distinct temperatures. The measurement yielded a value g(2)(0) of 6(2)% at 4 K and 15(2)%
at 17 K. The fitting area considered under the curve was 12.5 ns. The inset of the figure provides a magnified
view of the zero delay. The measured g(2)(0) values confirm the single-photon nature of the emission even at
slightly elevated temperatures.

Figure B1. Second-order photon autocorrelation function g(2)(t)measured at two sample temperatures. (a) g(2)(0) of 6(2)% at
4 K and (b) g(2)(0) of 15(2)% at 17 K. The Inset image shows the magnified areas at zero delay.

Appendix C. Frequency tuning with temperature

The interfacing of the QD source with an atomic quantum memory requires precise spectral alignment with
the atomic transition, which demands rigorous control over the emission frequency of the single-photon
source. One effective method for attaining the necessary degree of precision is alignment through
temperature tuning. In the present study, we demonstrate that the emission frequency of the QD source can

8



Quantum Sci. Technol. 10 (2025) 035058 B Maaß et al

be adjusted over a wide range by varying the temperature. In particular, an adjustment of up to 45GHz
(0.12 nm or 186µeV) is observed when the temperature is increased from 4 K to 21 K. This illustrates the
effectiveness of temperature as a tuning parameter for regulating the QD source’s emission characteristics at
the cost of slightly deteriorating single-photon purity. (see appendix B). The observed increase in
photoluminescence intensity up to approximately 21 K can be attributed to the thermal release of carriers
from shallow defect states [58]. To achieve precise alignment with the atomic memory frequency, the QD
emission frequency was fine-tuned at sub-GHz level by raising the device temperature from 4 K to a
maximum of 17 K which yielded a wavelength tuning of 15GHz (0.04 nm or 62µeV).

Figure C1. Normalized µPL spectra of X emission from the QD-hCBG SPS at 4 K and 17 K are presented in (a). In (b) a contour
plot of the wavelength tunability of the emission from 4 K to 21 K is provided. It can be seen that tunability of up to 45GHz is
achieved. The gray dashed line corresponds to the Cs-D1 line transition, which matches the QD emission at the sample
temperature of 17 K.

Appendix D. Linewidth measurement

The full-width half maximum (FWHM) of the emission is quantified by resolving the emission line through
a scanning Fabry-Pérot interferometer (FPI) with a spectral resolution of 150MHz, and a free spectral range
(FSR) of 12.3GHz. Following the spectrometer (1200 lines/mm grating with 750 mm focal length) filters the
QD emission and the light is directed to the FPI, which is scanned at a rate of 5mHz and 500mVp-p. The
distance between the resolved peaks can then be identified with the independently measured free spectral
range of the FPI which calibrates the frequency axis. The FWHM of the QD is determined to be 5.1(7)GHz
at the sample temperature of 17 K.

Figure D1. Linewidth measurement with scanning Fabry-Pérot interferometer at 17 K sample temperature.
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Appendix E. Power and polarization dependence

The excitonic complexes of the QD emission lines were determined through power- and polarization-
resolved µPL measurements. To obtain the power-dependent measurements, the µPL spectra are recorded at
a series of various optical excitation powers. Subsequently, the intensity of the emission lines is selectively
fitted, and the resulting values are plotted against the excitation power on a double-logarithmic scale. This
allows to extract the power exponent (m) from the slope of the linear portion of the plot. Figure E1(a)
illustrates the power-dependent µPL measurements, wherein the fitted emission line demonstrates the
extracted power exponent slopem= 0.8(1) andm= 1.9(1) for the red and data points. respectively. The
extracted value of the slope (m) allows us to assign emission lines with the linear (m∼ 1) and superlinear
(m> 1) power dependencies to the exciton (x) and biexciton (XX), respectively [59]. This assignment is
confirmed by additional polarization dependent µPL studies using a motor-controlled turnable λ/2-plate
and a linear polarizer within the collection path of the µPL setup. By modifying the angle of the λ/2-plate we
record various polarization-dependent intensities of each emission line. Figure E1(b) illustrates the two
polarization components of each emission line as observed along the horizontal (H) and vertical (V)
polarization orientation. The spin-related fine structure splitting (FSS) is observed by determining the peak
energy differences between two polarization angles [60, 61]. The observed energy shift reveals a FSS
of 9(2) µeV.

Figure E1. (a) Power dependent µPL plot of the integrated intensity versus excitation power in double logarithmic scale, showing
the intensity slope variation of the X and XX emission from the QD-hCBG SPS. (b) Polarization-resolved measurement revealing
the presence of a fine structure splitting of FSS= 9(2) µeV.

Appendix F. Synchronization

The trigger signal of the Ti:Sa Laser serves as the main clock for the whole experiment. A digital delay
generator (Highland Technology) relays the trigger signal to the control electronics. In particular, these are
the electronic pulse generator that drives the EOM of the control laser, the oscilloscope for pulse monitoring,
an arbitrary waveform generator that controls the pulse picking of the Ti:Sa, and the time tagger (QuTools)
for single-photon counting. However, since the external trigger rate of the delay generator is limited to
10MHz we only detect 1/8 of the trigger events. This results in an overall reduction of the experiment’s
repetition rate and very long integration times. This is a technical limitation that can easily be overcome with
more suitable control electronics.

Appendix G. Loss budget for the optical setup

Table G1 shows the estimated loss budget on the optical setup. The values in parenthesis are assumed or
calculated from the measured values.

10
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Table G1. Optical losses in the experimental setup. The line marks the optical losses on the QD setup and on the memory setup,
respectively.

part transmission/efficiency count rate [1/s]

Ti:Sa excitation 40 · 106
QD source (0.40) 16 · 106
µPL optics and spectrometer 0.1 1.6 · 106
polarization filtering (0.5) 0.8 · 106
fiber coupling 0.025 20 · 103

memory unit 0.13
etalon 0.5
spectral filtering 0.66

Appendix H. Efficiency calculations

To infer the internal efficiency of the storage process from the measured end-to-end efficiency we have to
consider the transmission of the retrieved QD photons through the memory. Through the storage process
the memory acts as a spectral filter and thereby reduces the linewidth of the retrieved photons to 500 MHz
centered around the spectral acceptance window. We assume that the peak etalon transmission is aligned
with the peak of the spectral acceptance window of the memory and therefore with the central frequency of
the retrieved photons. Accounting for the mismatch of the 500MHz Lorentzian profile of the etalon and the
Gaussian profile of the retrieved photons we calculate the filter effect of the etalon to be 0.66. The technical
transmission through the memory (0.13) and the etalon (0.5) are measured with a narrow-band (2MHz)
DFB laser. The overall transmission of the (retrieved) QD photons through the setup is then
T= 0.13 · 0.5 · 0.66= 0.042. This value is the basis for the calculation of the internal efficiency according to
ηint = ηe2e/T.
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