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Abstract

Hybrid quantum interfaces that combine the fast, deterministic single-photon emission of semi-
conductor quantum dots (QDs) with the long-lived quantum memories of atomic vapors rep-
resent a promising route towards scalable quantum networks and distributed quantum comput-
ing. However, the realization of such interfaces is fundamentally limited by the stringent spectral
matching required between the narrow optical transitions of atomic systems and the intrinsically
variable emission of QDs. Moreover, achieving bright QD emission requires integration into an
efficient light-collecting structure. In this work, we present a systematic investigation of three tun-
ing mechanisms for cavity-enhanced QDs embedded in micropillar cavities: thermal tuning, in situ
laser processing, and nitrogen gas deposition. We experimentally evaluated the applicability of each
method and characterized their tuning ranges and precisions. All three methods enable reliable
and precise wavelength shifts, even for QDs in larger micropillars. These results provide practical
strategies for achieving spectral resonance between QD emitters and atomic vapor lines, paving
the way for tunable solid-state-atomic hybrid platforms for photon storage, synchronization, and
interfacing in hybrid quantum systems.

1. Introduction

Photonic qubits serve as fundamental building blocks for next-generation quantum technologies,
enabling both quantum communication networks and photonic quantum computing architectures [1, 2].
The realization of practical photonic quantum systems requires high-quality, on-demand single-photon
sources capable of generating indistinguishable photons with deterministic timing [3, 4]. Semiconductor
quantum dots (QDs) have emerged as leading candidates for such applications, offering several compel-
ling advantages over spontaneous processes such as parametric down-conversion [5, 6]. QDs provide
bright, on-demand single-photon emission with exceptionally low multi-photon contributions, high
indistinguishability, and precise temporal control [7, 8]. When embedded in optical microcavities like
micropillars with distributed Bragg reflectors (DBRs), these sources achieve near-transform-limited emis-
sion with improved collection efficiency through the Purcell effect [9—12]. Additionally, placing QDs in
optical cavities helps suppress the phonon sideband, further enhancing indistinguishability [13, 14].
Hybrid quantum interfaces that combine the complementary strengths of different quantum sys-
tems present exciting opportunities for advanced quantum technologies [15]. The integration of solid-
state QDs with atomic vapor systems is particularly promising, as it merges the deterministic, high-rate
photon generation capabilities of semiconductors with the long-lived quantum memories [16] and pre-
cise spectral references provided by atomic ensembles [17]. Atomic vapors can serve multiple functions
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in such hybrid systems, including quantum memories for buffering photonic qubits and performing syn-
chronization operations [16, 18], precise frequency references for stabilizing emission wavelengths [19],
and platforms for implementing slow light and storage protocols [19-22]. These hybrid architectures are
essential for quantum repeater networks [18, 23, 24] and distributed quantum computing applications
[25, 26].

Recent experimental efforts have demonstrated the feasibility of interfacing QDs with atomic sys-
tems, though significant challenges remain. Previous works have shown ‘slow light’ effects in which QD-
generated single photons are delayed in atomic cesium vapor, preserving their quantum properties while
extending interaction times [19, 20, 27]. Most recently, researchers have developed electromagnetically
induced transparency (EIT) quantum memories in warm cesium vapor specifically designed to store
QD-generated photons, with measured bandwidths approaching the Fourier-limited emission charac-
teristics of cavity-enhanced QDs [21, 22].

However, the precise spectral matching required for efficient hybrid operation presents a bottleneck
for further applications. QDs exhibit inherent wavelength variations due to size and composition fluctu-
ations during growth, while atomic transitions provide fixed spectral references with sub-GHz precision
[19, 27]. Different in situ approaches have been performed to tune QDs in optical cavities. Thermal
tuning of QDs is a widely used approach to tune QDs to resonance with optical cavities [9, 28, 29].
Furthermore, strain tuning of p-pillar cavities, performed by applying a controllable strain to the cav-
ity, has been demonstrated in short pillars, which limits the performance of the cavity [30]. Additionally,
in situ laser processing (ILP) has been used to tune QDs and microdisk cavities, where a strong laser is
used to heat the cavity locally [31]. Furthermore, the deposition of gases on the surface of the photonic
cavities has been utilized to induce a shift in the resonance of the cavity and to couple QDs to the cav-
ity at a constant temperature, without tuning the QD wavelength. Deposition of neon and xenon gases
has shown a shift of 4nm in photonic crystal slab nanocavities [32, 33] and microdisk cavities [34]. A
combination of ILP and gas deposition has been utilized to achieve reversible tuning of nanowire QDs,
enabling interfacing with atomic vapors [35]. Micropillar-embedded QDs (u-pillar QDs) represent a
particularly well-suited architecture for hybrid quantum interfaces due to their ease of fabrication and
optical emission quality [9, 10, 36]. However, the encapsulation of QDs in this architecture shields them
from the environment, limiting the applicability of some tuning strategies.

This work investigates the application of thermal, ILP and nitrogen deposition tuning techniques
to micropillar QDs, as illustrated in figure 1(a), with the objective of achieving bright, mode-matched
emission and precise spectral alignment with narrow atomic resonances, without the need for any post-
fabrication technique of the p-pillar QD sample. Despite the relatively large p-pillars, protected with
planarizing benzocyclobutene (BCB) polymer, we demonstrate the effectiveness of the three mechanisms
for frequency control, with ILP enabling coarse adjustments over a broad spectral range and thermal as
well as nitrogen-deposition tuning providing fine control suitable for resonant matching, for instance, to
individual hyperfine transitions in Cs atoms.

2. Method

QDs embedded in p-pillar cavities

The p-pillar QDs studied in this work are prepared following the process described in [9]. Employing
molecular beam epitaxy, a wafer of gallium arsenide (GaAs) is grown, followed by a series of intercal-
ated layers of GaAs and aluminum arsenide (AlAs), each quarter wavelength thick, to form a DBR. The
bottom part of the DBR consists of 35 layers. A wavelength thick layer of indium arsenide (InAs) is
deposited as active medium, followed by the top 15 layers of the DBR, as shown in figure 1(b). Pillars
with diameters from 1 to 8 um are defined via electron beam lithography and etched using electron-
cyclotron-resonance reactive-ion-etching. The sample is then planarized with BCB. The BCB polymer is
spin-coated and ashed to correct the height after curing at high temperature.

The p-pillar QDs sample is placed in a continuous flow cryostat (Cryovac) and cooled down with
liquid Helium. A simplified schematic of the experimental setup is shown in figure 1(c). The p-pillars
are excited with an off-resonant laser at 532nm using a high numerical aperture microscope objective,
NA = 0.80. The micro-photoluminescence (u-PL) is collected and filtered using a confocal microscope
in 4f-configuration. The off-resonant excitation light is suppressed by 50 dB using a 850 nm long-pass
filter. The u-PL spectra are collected using a spectrometer (Acton Research, SP2500) and detected with
a charged-couple device camera (Oxford Instruments, iDus 420). To confirm the detected p-PL is com-
ing from a single QD, a spectral line is selected using a narrow band-pass filter, 1 nm bandwidth, and
sent to a fiber-based Hanbury-Brown—Twiss setup (HBT). The HBT consists of a 50:50 beam splitter and
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Figure 1. Post-fabrication tuning of quantum dots embedded in p-pillar cavities. (a) Schematic of the investigated tuning mech-
anisms, thermal tuning, in-situ laser processing (ILP), and nitrogen deposition on the surface of the pillar. (b) Layout of the
p-pillar QD. The cavity is formed as a GaAs/AlAs distributed Bragg reflector with an embedded low-density layer of In(Ga)As
QDs. (c) Experimental setup. The sample is off-resonantly excited with a probe laser using a confocal microscope. The micro-
photoluminescence (j-PL) spectra are recorded continuously with a spectrometer. ILP is performed with a high-power off-
resonant laser. Nitrogen is inserted using the cryostat vacuum line with a fixed volume and pressure in several cycles (DM:
dichroic mirror, f: aspheric lens, PH: pinhole, LP: longpass filter, BP: bandpass filter, SNSPDs: superconducting nanowire single-
photon detectors, TCSPC: time-correlated single photon counting).

two superconducting nanowire single-photon detectors (single quantum). The arrival times are autocor-
related using a time-correlated single photon counting module (PicoQuant, PicoHarp 300). The tem-
perature of the cold plate is constantly monitored and stabilized during the experiment using a heater
on the cold plate, which is regulated with a PID controller. The thermal stability achieved in the sys-
tem is £100mK around the set temperature of 10K. A scanning electron microscope image of the u-
pillars after planarization is shown in figure 2(a). A detailed inspection of several pillars reveals an air
gap between the BCB polymer and the pillars, as shown in figures 2(b) and (c).

Two p-pillars of diameters 2.3 yum and 2.4 um with the characteristic u-PL spectra of QDs were iden-
tified, QD-A and QD-B. The quality factor (Q-factor) of these pillars is calculated from the measured
spectra as A/A\, where )\ is the measured cavity wavelength and A is the cavity emission full width
at half maximum. The resulting Q-factors for QD-A and QD-B are Q = 1853(53) and Q = 1910(13),
respectively. The exciton (X) and biexciton (XX) lines of QD-A were identified, while only the X-line
was located for QD-B. The excitonic lines of each QD are selected using a narrow-band-pass filter.
From the recorded counts in the spectrometer (5s integration time), and the measured end-to-end effi-
ciency of our setup, 5%, we have a peak brightness for the X-lines at 10K of 3400 ctss~! for QD-A and
10400 ctss~! for QD-B. This corresponds to a calculated brightness at the first lens of 68000 ctss™! and
208000 cts s !, respectively. A detailed discussion of the experimental conditions, the sample layout and
the QD distribution is given in the supplementary information.

The autocorrelation function g?)(7) is measured using the fiber-based HBT and displayed in
figures 2(d) and (e). The data is fitted with an exponential function, and the linewidth is calculated
following [36]: ¢ (1) =1 — (1 — g (0))e="I"!, with 1/~ the exciton transition linewidth. The obtained
linewidths for QD-A and QD-B are v = 3.5(2) GHz and v = 2.8(1) GHz, respectively. These results
with ¢ (0) = 0.40(2) for QD-A and g®(0) = 0.22(3) for QD-B, respectively, confirm that both emit-
ters are quantum light sources. It is noteworthy that the spatial position of QD-A is close to the edge of
the pillar, located at ro = 0.8(1) um from the center of the cavity, while QD-B is fairly in the center with
rg = 0.2(1) pm of its own pillar, as illustrated in the insets of figures 2(d) and (e). The position of the
QDs was determined by a confocal scan of the p-pillars, where the uncertainty is given by the drift and
hysteresis of the linear positioners that move the sample in our cryostat, measured to be 100 nmh~".
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Figure 2. (a) Scanning electron microscopy of the p-pillars on the sample after planarization with BCB polymer. (b), (c) Detailed
image of two pillars with diameters 2.3 yum and 2.4 pm, respectively. An air gap is visible between the BCB and the walls of the
pillars on all inspected pillars. (d), (e) Measured ¢(2) (7) in an HBT setup under non-resonant CW excitation of 19 zW for QD-
A and QD-B. The measurements were performed on the exciton lines. The data is fitted with an exponential decay. Both QDs
show a g (0) < 0.5, confirming the analyzed spectral lines are emitted by QDs. Insets: illustration showing the position of the
QDs relative to the center of their respective p-pillar. QD-A is located towards the edge of its pillar with ro = 0.8(1) pm, whereas
QD-B is located in the center of its cavity, rg = 0.2(1) pm.

3. Results and discussion

3.1. Tuning of the emission lines

The emission lines of both emitters were tuned by applying three different tuning approaches: thermal
tuning, which involved heating the sample via the heater on the cold plate; ILP, where a high-power laser
was focused on top of each pillar; and nitrogen deposition, which involved inserting nitrogen gas into
the sample chamber. The p-PL spectra of both QDs under the different tuning processes are shown in
figure 3. It is noteworthy that QD-B has an emission line, associated with the exciton transition, close to
the cesium D, line at ~894.5nm, making it of special interest for interfacing with this atomic vapor.

Thermal tuning

To perform the shift of p-pillar QD spectral lines, the most straightforward mechanism is changing

the temperature of the system comprised of QD and p-pillar cavity. The shift of the QD emission and
the cavity resonance originate from the temperature dependence of the energy bands and the refractive
index, respectively [31, 37]. Increasing temperatures produce a reduction of the band-gap while increas-
ing the refractive index of the p-pillar cavity, resulting in a red shift of the p-PL.

In our experiment, the temperature of the cold plate in the cryostat is stabilized at 5.0(1)K and the
1-PL spectrum of one of the QDs is recorded. The temperature is increased in steps of 0.5K, and after
a thermalization time of 30s, the subsequent spectrum is recorded. The resulting spectra are shown as a
heatmap in figures 3(a) and (b) for QD-A and QD-B, respectively. As expected, the lines are red shifted
with increasing temperature. In figure 3(c), we track the relative change of the X-lines of both emitters,
that is, the difference of wavelength at different temperatures compared to the initial wavelength at 5K,
by fitting a Lorentzian curve to each row of the presented heatmaps. We perform a power law fit of the
data, i.e. A\ =aT", with a and #n as free parameters. The errors reported in figures 3(c), (f) and (i) are
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Figure 3. pu-PL spectra of two different QDs under the three distinct tuning processes. (a), (b) Thermal tuning: temperature
variation of the p-PL spectra by heating the cold plate of the cryostat. The Cs D, line is plotted as a reference for QD-B (red line).
(c) Relative detuning A of the X-line of both QDs with varying temperatures. Both QDs are red shifted at different rates as
discussed in the main text. Data fitted using power law functions of the form AX = aT" (dashed lines). (d), (e) ILP tuning: a

532 nm laser with increasing power is focused on each pillar, and the spectra are recorded after a 100 s exposure time per step.

(f) AN of the X-lines as a function of the laser processing power during the ILP. QD-A shows a significant tuning (~3 nm) while
QD-B has no clear tendency, fluctuating around the starting wavelength. (g), (h) Nitrogen deposition tuning: a fixed amount of
nitrogen is inserted into the cryostat per cycle, and the spectra are captured after thermalization of the sample chamber. (i) A
of the same exciton lines with increasing N, volume per cycle. Tuning of both QDs is limited (<0.2 nm) and reaches a saturation.
Notably, all tuning mechanisms produce a red shift on the p-PL spectra of both QD-A and QD-B.

the standard deviation of the fit. Here, we can note different responses of both QDs, with QD-A being
significantly more sensitive to thermal tuning, despite both being embedded in pillars with similar dia-
meters and Q factors. This effect is not uncommon in self-assembled QDs and can be explained by the
slightly different composition and local strain conditions created during the sample growth, given the
statistical nature of the molecular beam epitaxy process, resulting in different thermal responses for each
QD [38]. Thermal tuning offers the advantage of easy implementation and reversible detunings, albeit at
the cost of reduced brightness and increased spectral broadening [39].

It is noteworthy that, despite being limited, thermal tuning of QD-B allowed the wavelength to shift
across the Cs D; line at ~894.5nm. The Cs D; reference (red dotted line in figures 3(b), (e) and (h)) is
obtained from the spectrum of a distributed-feedback laser diode locked to a Cs vapor cell using satur-
ated absorption spectroscopy. This suggests that this QD could potentially be used for hybrid interfaces
utilizing Cs vapor.

ILP

Following the thermal tuning, the sample is cooled down to 10K and stabilized with the temperature
controller, as a compromise between bright emission of both emitters and the helium consumption rate.
A high-power laser (ILP laser) at 532 nm is overlapped with the probe laser using a dichroic mirror, as
shown in figure 1(c). The power of the laser is monitored using the reflection of the 90:10 beam split-
ter, reaching a power density up to 9Wcm™? for the highest ILP power used. The QDs are illuminated
with a set processing power for 100s of exposure time. Then, by blocking the ILP laser, the emitters
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QD-A

QD-B

Figure 4. Wide field microscopy of QD-A and QD-B. (a), (b) QD-A before and after the ILP tuning was performed. The pillar
with QD-A shows damage on its side caused by laser ablation during the ILP process. (c), (d) QD-B before and after ILP. The
pillar with QD-B shows no visible damage due to the lower ILP powers used and longer thermalization between processing steps.

are excited using the probe laser with 19 uW of power, and the y-PL spectrum is recorded. The pro-
cess is repeated iteratively for progressively higher levels of processing power. Previous studies of QDs

in microdiscs or in unstructured samples [31, 40, 41] have demonstrated a blue shift of the emission
spectra at high laser processing powers. It was attributed to the intermixing of the QD material with the
surrounding matrix when a temperature of 1000K is reached.

Our resulting p-PL spectra are presented as heatmaps in figures 3(d) and (e). Using the same ana-
lysis as in the case of thermal tuning, the shift of the excitonic lines of both QDs is tracked and plotted
in figure 3(f) as relative detuning. There are two observations: first, QD-A exhibits a large tuning range,
achieving a 3 nm red shift, whereas QD-B shows almost no response. Second, instead of the expected
blue shift from intermixing, we observed a red shift in our experiments, even though we used optical
powers similar to those reported in previous studies. We explain the first observation with different heat-
ing protocols for QD-A and QD-B, respectively. The spectra of QD-A were captured with no more than
5s between the ILP process and the measurement of the spectrum, while for QD-B, the spectra were
recorded 120's after the ILP. This longer waiting time between ILP steps was mainly to prevent dam-
age to the pillar, the QD and the surrounding BCB polymer due to heat accumulation. QD-A did not
have sufficient time to thermalize after a single irradiation, causing heat to accumulate with each step,
resulting in a significantly higher pillar temperature compared to QD-B. This buildup of heat dam-
aged or partially ablated the surface of the u-pillar and the surrounding BCB material, as shown by a
closer inspection of the studied pillars before and after ILP (figure 4). Regarding the second observation,
namely the red-shift, we note that QD-A was positioned off-center (as indicated in figure 2), closer to
the pillar edge. We attribute the primary tuning mechanism in this case to a modification of the pillar—
BCB interface induced by local heating without reaching the intermixing regime. Since QD-A is located
near the edge, the confinement potential for the charge-carrier wavefunction is changed by this modific-
ation, whereas QD-B, situated at the center (and experiencing lower heating), remained unaffected. An
important remark about the ILP approach is that once the ablation of the pillar occurs, the tuning pro-
cess becomes irreversible. For QD-A, we observed a permanent red-shift of 1.68(3) nm after one hour
of thermalization following the latest ILP step; see supplementary information figure 2. The ILP tuning
approach for QD-A turned out to be reliable and provided a large tuning range, with a permanent red
shift of up to 1.7 nm.
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Nitrogen deposition

Finally, we explored tuning of the QDs by nitrogen N, deposition. To do this, we modified the vacuum
line of our continuous-flow cryostat by adding a gas insertion line with a fixed volume of 92(5) ml,
defined by the pipe between two high-vacuum valves, as shown in figure 1(c). The sample is cooled and
stabilized at 10.0(1) K. The cryostat is then isolated from the vacuum pump. The insertion line is filled
with 100 mbar of N, per cycle, which is then slowly released into the vacuum line. The temperature of
the cold plate is monitored, and the flow through the valve is adjusted to keep it below 20 K. Once the
pressure in the cryostat reaches a stable value, the system is left to thermalize for 120s. We carefully
made sure that this thermalization time was sufficient to reach the base temperature of 10 K again (see
supplementary information figure 3). After each N, insertion cycle, the u-PL spectrum is subsequently
recorded. Figures 3(g), (h) and (i) show a red shift of the emission wavelengths for both QDs. Despite
keeping the conditions as similar as possible, the initial pressure in the cryostat was slightly different for
the measurement of QD-A and QD-B. This means that different amounts of frozen nitrogen were ini-
tially deposited on each QD, leading to the varying tuning ranges for each QD. Additionally, the nitrogen
deposition tuning was performed a month after the ILP process. An initial blue shift of the X-lines for
both QD-A and QD-B is observed (compare figures 3(d) and (e) with figures 3(g) and (h)), as well as

a change in the relative brightness of the transition lines. This could be explained by the different strain
conditions of the sample when it was placed in the cryostat and cooled down for each tuning process.
Therefore, we focus mainly on the relative shifts of the X-lines.

It is noticeable that nitrogen deposition is effective for our sample, since the relatively large pillars
are embedded in the BCB polymer. However, inspection of the SEM images displayed in figures 2(b)
and (c) reveals gaps between the BCB and the pillars. Therefore, nitrogen can diffuse into these gaps and
condense on the pillar surface.

In a cavity—QD system, nitrogen deposition can influence both the QD emission wavelength and the
cavity resonance. The latter arises from modifications to the confining potential of the optical mode
and is most pronounced for QDs embedded in photonic crystal cavities [32, 42] or microdiscs, where
red shifts of up to 4nm in the cavity resonance have been reported [34]. In our system, we investigate
changes in the QD emission wavelength that originate from modifications to the confining potential of
the charge-carrier wavefunction, induced either by geometric alterations or by strain effects [43]. This
effect is particularly evident for QDs embedded in nanowires, where blue shifts on the order of ~800pm
have been demonstrated, where the blue shift is attributed to compressive biaxial strain effects of the
deposited nitrogen on the nanowire rather than compressive strain that would lead instead to a red shift
as in our case [35]. Nanowires typically exhibit a base diameter of about 250 nm that gradually tapers to
100 nm at the tip [44], making the charge-carrier wavefunction especially sensitive to structural modific-
ations at the rim of the wire. By contrast, our micropillars are substantially larger, approximately 4 ym in
height with a diameter of ~2.5 um, which explains the significantly smaller maximum shift of ~175pm
observed before saturation occurs.

An important observation of the nitrogen deposition technique developed here is its reproducibil-
ity and reversibility. Provided the temperature and pressure in the sample chamber remain stable, the
nitrogen deposition process is reversible. This means that within a single cool-down cycle, the process
is reversible; however, across different cooling cycles the tuning is not reproducible, given that the ini-
tial wavelength and tuning effect of the QDs vary slightly between cooling cycles. Here we remark that
the data presented in figures 3(e) and (h) were recorded in two different cool-down cycles, showing
the variation between cycles. In particular, the brightness of the exciton transition of QD-A varies from
1800 ctss™! to 3600 ctss~!; while QD-B varies from 1200 ctss™! to 10500 ctss~! for two different cycles.

An advantage of tuning through nitrogen deposition is that the brightness of the QDs stays constant
across the entire tuning range. This contrasts with the other two methods, where we observe spectral
line broadening and a reduction in brightness. Despite this advantage, the maximum red-shift obtained
was 0.175(1) nm for QD-B, as shown in figure 3(i), indicating a more limited tuning range compared to
the temperature- and ILP-based approaches. Saturation occurs when no further nitrogen is incorporated
into the structure or when any additional nitrogen no longer influences the QD environment.

Towards atomic-QD interfaces

As noted previously, QD-B is sufficiently close and can be tuned across the Cs D; line using our tuning
methods. By heating the sample to 17 K, we have overlap with the emission line as shown in figure 3(b).
In order to interface photons emitted from such a QD, not only must the emission wavelength match
the atomic transitions, but also the linewidth of the QD photons and the atomic absorptions must be
compatible. For a warm atomic vapor with sufficient optical density to perform an interfacing (80 °C
for 40 mm vapor cells), the broadened absorption linewidths are ~1GHz [19]. Specific applications like
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Table 1. Relevant optical properties, like autocorrelation g(?) (0), FWHM and brightness of the analyzed quantum dots.
Figures-of-merit, range and precision, achieved for each tuning method investigated in this work. We compare our results with other
interesting tuning mechanisms like AC and quantum confined Stark effects [47] and piezoelectric strain tuning [19]. It is important to
note that our precision is currently limited by the thermal stability of our flow cryostat, which could be improved by an order of
magnitude with a closed-cycle system.

QD-A QD-B [35] [19] [47]
£(0) 0.40 0.22 0.130 0.02 —
FWHM (GHz) 3.5 2.8 3.9 2.7 ~1
Brightness (ketss™1) 70 210 — 120 11
Thermal range (nm) 1.16 0.28 — — —

precision (nm) 0.05 0.01 — — —
ILP range (nm) 2.94 — ~0.250° — —
precision (nm) 0.09 — — — —
N2 deposition range (nm) 0.130 0.180 ~0.830 — —
precision (nm) 0.003 0.008 ~0.003 — —
Stark tuning range (nm) — — — — 0.6
precision — — — — <0.0002
Piezo tuning range (nm) — — — 1.5 —
precision (nm) — — — 0.001 —

2 In this work, [35], ILP was used for local heating of the nanowires to desorb deposited nitrogen rather than inducing laser ablation.

delay lines in the atomic ensembles can be implemented using photons with linewidths in the order

of a few GHz, broader than the atomic transitions [19, 20]. For such slow-light interfaces, a precision
and stability of ~1GHz of the emitted photons is sufficient. For more demanding applications, such

as storage of photons in spin-wave excitations via EIT, a quantum memory, the acceptance window of
the memory becomes a more limiting parameter. Room-temperature atomic vapor quantum memor-
ies can reach acceptance windows on the order of a few hundred MHz [45]. For highly efficient stor-
age, the linewidth of photons must fit within this acceptance window [46]. Ideally, Fourier-limited single
photons in the few hundred MHz range are desired, and tuning precision and stability on the order of
the natural linewidth are required. Nevertheless, interfacing broadband photons with atomic vapors that
have narrow acceptance windows is possible. In this scenario, the atomic vapor will act as a spectral fil-
ter. This relaxes the required precision and stability to a few GHz at the cost of interface efficiency and
linewidth narrowing of the stored photons.

In our case, QD-B has an inhomogeneous linewidth of 2.8 GHz; consequently, only a fraction of
the emitted QD light would interact with the atomic vapor, provided sufficient precision and stability
are achieved through our tuning methods. Through the thermal tuning data, we calculate a sensitivity
of 0.011 nm K™!, equivalent to 4.12 GHzK™! at 894.5 nm. The thermal stability of the system is meas-
ured to be £100mK with active temperature control, indicating that spectral diffusion is expected to
be on the order of 400 MHz. Other works have demonstrated successful interfacing of QD light with
atomic vapors, achieving similar stability: slow light through Cs vapor was demonstrated using piezo-
electric strain-tuned QDs [19] and nanowire-QDs with reversible gas deposition tuning; additionally,
quantum storage in a fast memory hosted in Cs was shown with thermally tuned CBG-QDs [21]. Given
the similar ranges, precisions and linewidths used in the reported references, we confirm our y-pillar
QD can be successfully interfaced with Cs to create either a delay line using slow light or a quantum
memory through spin-wave excitations in the atomic vapor. We summarize in table 1 the figures of
merit: range and precision, achieved using our tuning methods, together with relevant optical proper-
ties like the autocorrelation ¢g?)(0) as a metric of photon number purity, FWHM and brightness of our
analyzed QD devices. We also compare our parameters with other relevant works with distinct tuning
mechanisms employed: reversible nitrogen deposition [35], piezoelectric strain tuning [19], and AC and
quantum confined Stark effects [47].

Another aspect relevant to interfacing QD devices with atomic vapors is the excitation scheme. The
linewidth of the QD will broaden using the above band excitation due to dephasing of carriers and
carrier-photon scattering during the QD capture and emission process. Additionally, charge noise is
increased significantly, leading to additional spectral diffusion [48]. Resonant excitation would provide
near-transform-limited emission, allowing interfacing with systems with a narrow spectral acceptance
window, such as quantum memories in atomic vapors [21]. Additionally, photon purity and indis-
tinguishability could be increased to the reported values for this type of micropillar QD, g(*)(0) <
0.01, and HOM visibility <0.1 [10]. The three tuning methods studied in this work (thermal, ILP, and
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nitrogen deposition) will drift on a much lower timescale than phonon- or carrier scattering. Therefore,
the indistinguishability of emitted photons shall remain unaffected.

It is important to note that despite the benefits these tuning mechanisms offer, both ILP and nitro-
gen deposition would require the QDs to be located closer to the walls of the micropillar cavity, which
is expected to reduce the Purcell enhancement factor [49]. A compromise between these tuning methods
and the brightness of the observed p-pillar QD is needed.

4, Conclusion and outlook

In this work, we investigated tuning of pu-pillar QDs, a widely adopted and robust photonic platform
for efficient single-photon emission. We demonstrated that effective tuning can be achieved through a
combination of reversible and irreversible processes. ILP enables red shifts of the emission wavelength
over a broad range, up to 3 nm. However, the structural changes caused in the pillars at high ILP powers
make this method irreversible, as well as lead to deterioration of the optical properties of the p-pillars
due to ablation. In addition, we showed that nitrogen deposition on the pillars can induce red shifts of
the QD emission wavelength despite a large pillar size and BCB planarization. This technique is particu-
larly suited for high-precision tuning over a narrower range and has the additional advantage of min-
imal spectral broadening. However, a limitation arises from the use of a continuous-flow cryostat, as

in our experiment, which is sensitive to pressure variations and requires helium refilling, thereby redu-
cing the practicality of deposition-based tuning, but it is widely applicable in closed-cycle systems. We
further want to point out that both ILP and deposition tuning are more effective when QDs are loc-
ated near the pillar rim. This implies a trade-off in structure design: maximizing brightness, narrow-
linewidth emission, and near-Gaussian emission profiles must be balanced against achieving a large tun-
ing range. Combining all three approaches, including thermal tuning, offers a pathway toward precise
tuning of two remote QDs with respect to each other [50] for entangling them by photon interference,
or toward hybrid interfacing of QDs with atoms [35]. Atomic vapors, such as Cs, represent practical
quantum memories for quantum information processing and quantum network synchronization but are
characterized by extremely narrow absorption lines (well below 1 GHz). This imposes a significant chal-
lenge for QD tuning in hybrid interfaces. The techniques presented here provide strategies for achieving
the required tuning precision, thereby supporting the realization of semiconductor QD—atomic vapor
interfaces.
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