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C-band plug-and-play all-fiber single-photon source based on InAs/InP quantum
dots integrated via microtransfer printing
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Fiber-based long-haul quantum communication would greatly benefit from a robust and determin-
istically integrated source of quantum states. Here, we report the design, fabrication, and optical
characterization of InAs/InP quantum dots in the InP H1 point-defect 2D photonic crystal cavity, inte-
grated with a standard single-mode fiber employing microtransfer printing. The device is placed in a
compact cryocooler maintaining a cryogenic temperature of 15 K, and it exhibits a low multiphoton con-
tribution to emission, with g®(0) = 0.14(14) in the all-fiber-based optical link between two laboratory
nodes. In this way, we demonstrate a plug-and-play all-fiber single-photon source operating in the third
telecom window, where standard telecommunication fiber networks can be used as a low-loss medium.
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I. INTRODUCTION

Progress in solid-state system fabrication methods has
significantly improved the quality of single-photon sources
based on self-assembled semiconductor quantum dots
(QDs) [1]. These sources have reached very high levels
of performance in quantum technology [2—4]. High-
throughput processing of photonic micro- and nanostruc-
tures, which enables integration of single-QD emitters
in a modified photonic environment [5], can enhance
radiative recombination rates and emission directional-
ity (contributing to overall source brightness [6]), reduce
multiphoton contributions [7—10], improve the indistin-
guishability of consecutively emitted photons [4,11-15],
or strengthen light-matter coupling [16], with the pos-
sibility of creating entangled quantum states of light
[17—24]. Nanostructures exploiting an increase in local
density of states are typically realized by fabricating mesas
[25-27], microlenses [2,28], microdiscs, 3D-printed
micro-objectives [25], photonic wires [3,29-33], micropil-
lar cavities [4,34,35], photonic crystals [5,36,37], circular
Bragg gratings [34,38-41], tuneable cavities [6,42], and
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hybrid structures [43,44]. Alternatively, to improve the
strength of light-matter coupling, i.e., the ratio between
the quality factor (Q) and the volume of the cavity mode,
a cavity with extreme dielectric confinement can be used
[45]. This modified photonic environment enables the real-
ization of quantum communication [19,46—48], quantum
teleportation [49], and the generation of quantum states as
inputs for photonic quantum computing [50,51].

An advantage of QDs is that they can be synthesized to
emit light tuned to telecommunications windows. Connect-
ing them directly to optical fibers is especially attractive
because it eliminates bulky coupling setups, allowing the
fabrication of compact devices [52—55]. Although collect-
ing a signal from a QD with a microscope objective has
been shown to be highly efficient [6,56], devices integrated
with a fiber typically show lower extraction efficiency
[53,57—60], being limited by numerical aperture (NA) and
mode matching to the cavity mode, which must be opti-
mal to reach high collection efficiency; however, gluing the
fiber directly can enable more effortless operation. More-
over, access to numerous emitters on a single chip via a
directly coupled fiber array also contributes to increased
scalability. For all-fiber configurations, the most straight-
forward approach is to directly integrate the QD chip with
an optical fiber [61]. To increase coupling efficiency, the
emitter (or a cavity with an emitter) can be integrated with
a standard, high-NA, or lensed fiber or a GRIN-lens assem-
bly [43], or it can be glued to the micro-objective [62]. For
more advanced structures, this approach can be improved
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with preselection of the most suitable emitter before inte-
gration. The emitter can be deterministically integrated
with a fiber, for example, using a focused ion beam (FIB)
[63], a modified 2D circular Bragg grating transferred via
microtransfer printing (WTP) [57], or using interferomet-
ric positioning over the mesa structure to attach the fiber
core; this does, however, limit the yield to only one struc-
ture per chip [54,55]. With the use of the W TP technique, it
is in principle possible to integrate all structures from the
source wafer, enabling a high fabrication yield (high inte-
gration densities and efficient material utilization [64]) and
selectivity of precharacterized devices; this also allows for
more versatile integrated platforms.

Quantum communication protocols can operate in the
telecoms regions, and multiple approaches are used to tar-
get the 900-nm wavelength range [43,62] and the second
telecom window [54,55,57,63], where GaSb/AlGaSb QDs
are potentially attractive for long spin-coherence times
[65]; however, all-fiber demonstrations at 1550 nm are still
missing. In this context, InAs/InP quantum dots are espe-
cially attractive, as they do not require substantial modifi-
cations to the growth conditions required for GaAs-based
system, such as strain control [66,67] or metamorphic
buffer layers [68—70], to fit the 1550-nm window [71].
InAs/InP QDs are characterized by their low multiphoton
contributions to single-photon-generation processes [10],
high photon indistinguishability [41,72], and the emission
of polarization-entangled photon pairs [73]. For the third
telecom window, advanced metropolitan quantum net-
works have already been established [74] using InAs/GaAs
quantum dots, and InP-based sources with ultralow mul-
tiphoton contributions are also used [75], although they
are not directly coupled to fibers. In this telecom window,
InAs QDs can also be interfaced with an atomic quantum
memory [76] to create scalable quantum networks. Direct
integration with an optical fiber allows the use of cost-
effective and compact cryocoolers that are commercially
available. Despite inevitable internal vibrations that hinder
the use of free-space optics, QD sources directly coupled
to optical fibers are necessary.

Here, we report on the design, fabrication, and optical
investigation of an all-fiber coupled single-photon source
operating in the telecom C-band based on InAs/InP quan-
tum dots integrated with an H1 point-defect photonic crys-
tal (PhC) cavity. The device was created using (L TP with a
standard single-mode optical fiber and placed in a compact
cryocooler at 15 K, and it exhibited triggered single-photon
operation.

II. DEVICE DESIGN AND FABRICATION

A. Device design

To increase QD photon-extraction efficiency and accel-
erate the QD emission process through the Purcell effect,

sources are typically placed in a resonator that can be real-
ized in the form of an H- or L-type 2D photonic crystal
cavity [77,78]. The fabrication of the H1 PhC cavity shown
in Fig. 2 was preceded by the use of finite-difference time-
domain (FDTD) numerical simulations [79], in which a
regular hole pattern was defined with a hole missing in
the center. This enabled the numerical examination of light
transmission through the integrated structure by resolv-
ing Maxwell’s equations in the time domain, focusing on
finding the fundamental cavity mode centered at around
1550-nm wavelength with a Purcell factor of up to 50 (a O
factor of around 250). Simulation of the QD emission was
realized by placing the in-plane dipole source at the center
of the cavity structure. The boundary conditions surround-
ing the simulation area were defined as a perfectly matched
layer [80]. The thicknesses of the layers were fixed at val-
ues described in Sec. II B, and these matched the fabricated
sample. A vertical cross section of the cavity and an inten-
sity profile of the electric field in the simulation model are
shown in Fig. 1(a). The field is mostly localized in the
center of the cavity and is reflected from the Al mirror
toward the core of the fiber. A fundamental mode at around
1550 nm, with a Purcell factor of about 50, was found for a
cavity with a period (a) of 420 nm and a hole radius () of
93 nm, which is highlighted in Fig. 1(c) with white dashed
lines. Figures 1(c) and 1(d) show the corresponding cal-
culated resonances as functions of period and hole size
(radius). The calculated transmission of the dipole field in
resonance with the cavity mode to the fundamental mode
of the fiber core is around 27%; however, both this and
the high Purcell factor in the experimental realization are
limited by the spatial overlap between the QD dipole and
the cavity mode [78]. When scanning the parameter space,
we observe other resonances with weaker Purcell factors
in addition to the fundamental cavity mode, to which the
dense QD emission lines can also couple.

B. Chip fabrication

In our device design, the emitter is an InAs/InP quan-
tum dot grown by metal-organic vapor-phase epitaxy
(MOVPE) [71,81]. During growth on a (001)-oriented
InP substrate at 610°C, a 500-nm-thick InP buffer layer
is deposited, followed by a 200-nm-thick Ings3Gag47As
sacrificial layer lattice matched to InP and a 244-nm-
thick InP layer. This is then followed by 0.93 monolayers
of InAs for nucleation of QDs in the subcritical regime
Stranski-Krastanov growth mode, achieving a high den-
sity (10'° cm~2). By tuning the V/III ratio, the density of
QDs can be controlled. The deposition of a 244-nm-thick
InP cap layer finishes the growth. A 500-nm-thick SiO,
release layer is deposited by plasma-enhanced chemical
vapor deposition, and with an e-beam evaporator, 120 nm
of Al is deposited. These two layers serve a dual func-
tion: first, after the etching process, they allow separation
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FIG. 1. FDTD simulations: cross section of the electric field
intensity distribution in the logarithmic scale showing (a) the
directional emission to the fiber core in the z direction and (b)
the light distribution in the plane of the H1 PhC cavity. Depen-
dence of the Purcell factor on (c) the hole radius (calculated for
a = 420 nm) and (d) the lattice period (calculated for » = 80 nm).

of the device from the source wafer; second, SiO,, which
is transparent at 1.55 wm, enables prospective 2D imag-
ing [41]. The wafer is spin-coated with benzocyclobutene
(BCB) and then bonded to the Si wafer with high force
(2kN) at 250°C under vacuum conditions in the wafer
bonder. After bonding, the InP substrate and Ing 53Gag 47As
stop layer are removed using HCI and (10%)H;SO4:H,0;,
respectively [82]. A 96-nm-thick SiN layer is deposited on
the InP membrane. This layer acts not only as a mask for

FIG. 2. Integration of a single 2D photonic microstructure into
a cleaved single-mode fiber. (a), (b) SEM images of a fabricated
H1 2D PhC cavity prior to membranization. (c) Conceptual visu-
alization of the cross section of the fabricated device. (d) View
of the fiber core before microtransfer without PDMS stamp.
(e) View of the structure on the PDMS stamp during transfer.
(f) Image of the structure transferred to the fiber core.

electron-beam lithography but also as a stress-management
layer by introducing tensile stress. Consecutively, a series
of designed H1 point-defect 2D PhC cavities is patterned
with electron-beam lithography. The hole radius was set to
80, 100, or 120 nm, and the lattice constant was varied in
the range from 335 to 435 nm with a step of 10 nm. After
dry etching of InP with HBr using inductively coupled
plasma reactive-ion etching, the structure was released by
removing the underlying SiO, release layer in a BHF wet
etch, resulting in a suspended membrane (membraniza-
tion) underneath a defined coupon area. Scanning electron
microscope (SEM) images of an exemplary PhC cavity
taken before membranization are shown in Fig. 2. After
membranization, the cavities were characterized at room
temperature in a WPL setup, with specific results for a
device with a hole radius of 80 nm and a lattice constant of
405 nm described in Sec. 111 B.

C. Microtransfer printing

In recent years, a highly deterministic approach to het-
erogeneous integration has been demonstrated via the
pick-and-place technique, in which an individual structure
is picked from a source and placed onto a target struc-
ture [64,83,84]. A potential method for the integration of
III-V materials with a fiber is WTP, which involves the
pickup and transfer of millimeter- to micrometer-sized ele-
ments from a source wafer to a target wafer with high
alignment accuracy using a polydimethylsiloxane (PDMS)
stamp [85,86]. The thickness of these elements may vary
from the submicrometer scale to 20 um. This technique
offers benefits such as high integration densities and effi-
cient material utilization [64]; however, careful material
selection and processing are essential due to the risk of
mechanical-stress-induced damage to fragile released epi-
taxial layers during the transfer process, which can result
in device degradation and collapse of the coupons. Typi-
cally, a release interlayer is used, such as InGaAs, InAlAs,
or SiO; [64,87].

The fabricated membrane is placed on a fiber with-
out any adhesive, although BCB is commonly spin-coated
onto the target wafer to increase the surface flatness and
to serve as an adhesive for bonding [88]. Alternatively, if
the released surface exhibits sufficient flatness and smooth-
ness, typically with an R, value (the root-mean-square
average of height deviation taken from the mean image
data plane) of less than 1 nm, the devices can be integrated
directly onto the target substrate by van der Waals adhesion
forces [89]. This adhesive-free approach facilitates poten-
tial electrical connections and increases heat dissipation for
the devices. Using atomic force microscopy, we investi-
gated the bottom of a nonperforated part of our structure,
and this showed R, values from 1.0 to 1.8 nm. In the case
of our design, our transfer yield is close to 100%, with
20 out of 21 devices successfully transferred. Additionally,
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the use of BCB can decrease the O factor of the H1 2D PhC
cavity by approximately a factor of 2 due to decreasing the
refractive-index contrast [90].

Microtransfer printing was carried out using a com-
mercially available X-Celeprint machine. Preselected 2D
PhC cavities were picked up with a 50 x 50 pm? PDMS
stamp and placed on a fiber core, which was cleaved and
cleaned before transfer with isopropanol. The PhC cavity
structure is placed directly on a standard Corning SMF-
28 fiber (core diameter 8.2 um). The mode wavelength of
the selected cavities at room temperature was around 1.57
to 1.58 um, to compensate for low-temperature blueshift.
The fiber cable can be illuminated from the opposite end
to increase the contrast between the core and the cladding
and to facilitate cavity alignment. The microscope images
taken at different steps of this WTP process are shown in
Figs. 2(d)-2(f). The high magnification and stability of our
setup allow for precise placement of the structure on top
of the fiber core with an accuracy and precision greater
than 200 nm. In a specially modified setup, the TP accu-
racy can be as good as 50nm [91] and can even allow
direct docking contact in two axes [92], depending on the
integration method.

After microtransfer printing, the fiber with PhC cavity
was further secured to the Si chip using a temporary bond-
ing adhesive (Crystalbond 555), which had 0.5-um SiO,
and 120-nm Al layers acting as a transparent spacer and
backreflection layer (to control interference). A concep-
tual layer cross-section image is shown in Fig. 2(c). To
introduce structural robustness for fiber manipulation and
installation in a cryocooler, we subsequently secured the
chip to the fiber with ultraviolet-cured epoxy and bonded
the whole assembly to a copper base using aluminum
epoxy. This additionally allows efficient heat transfer to the
cryocooler’s cold finger and better temperature stability.

II1. DEVICE CHARACTERIZATION

A. Experimental setup

For low-temperature microphotoluminescence spec-
troscopy, the sample was kept in a closed-cycle cryocooler
at 15K. The sample was excited with a fiber-coupled
805-nm pulsed laser (PicoQuant LDH-D-C-810) with a
repetition rate of up to 80 MHz (50-ps-long pulses). For
continuous-wave experiments, the sample was excited
with a 787-nm laser (Coherent CUBE), which was also
fiber-coupled. For high excitation powers, spectral analysis
was conducted on a 0.5-m focal-length monochroma-
tor (Princeton Instruments) with an InGaAs multichan-
nel array detector. For the measurements that employed
the superconducting nanowire single-photon (SNSPD)
detectors, laser-diode background emission in the longer
wavelengths was filtered with a shortpass (1000 nm)
filter mounted onto a fiber-to-fiber U-Bench, directly

Wroctaw University
of Science and Technology

Sample
in cryocooler
Pulsed U-Bench 50:50 Spectral 50 50

laser FESH1000 BS filter

SNSPD r
Detectors
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W sample at 15K b]@)

Excitation & Detectlon

FIG. 3. All-fiber experimental setup with coupled single-
photon system. The background photograph shows the location
of the two laboratory nodes used for the experiment. The inset
shows a schematic of the all-fiber path from the excitation laser
to the source and to the detectors.

after the pulsed laser. The fiber-coupled laser was con-
nected to a 50:50 1 x 2 wideband fiber coupler (Thorlabs
TWI1550R5F1) and to a 30-m-long stainless-steel-shielded
single-mode fiber (SMF-28-J9) that was guided outside
the building, connecting two laboratory nodes. In a dif-
ferent laboratory, the shielded fiber was connected to a
cryocooler (CTI-Cryogenics, with internal dimensions of
30 x 40 x 25 cm?®) that housed the sample mounted inside,
accessed via a fiber feed-through. The cryocooler was
connected to a water-cooled compressor and evacuated
with a turbo pump. The emission was collected from the
other arm of the 50:50 beam splitter at the excitation
and detection node, and the spectra were filtered with a
polarization-insensitive electric tunable fiber optical fil-
ter of 0.4 nm (Gaussian-shaped) FWHM bandwidth over
the tuning range 15201580 nm centered at 1550 nm
and detected on the SNSPD detectors. The autocorrelation
measurement was performed in the Hanbury-Brown-Twiss
configuration, where the signal after the fiber filter was
split into two detection channels with an additional 1 x 2
50:50 fiber beam splitter. A schematic of the experimental
setup is shown in the inset of Fig. 3.

B. Optical characterization

We first investigated the device using a high excita-
tion power. The temperature series is shown in Fig. 4(a).
At room temperature, we observed both the broad emis-
sion from the QD ensemble and the resonant cavity mode
at 1573.4nm. Although in this device we do not observe
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FIG. 4. Optical characterization of the device. (a)
Temperature-driven evolution of the photoluminescence
(PL) spectrum in the range from 15 to 300 K under high exci-
tation power. (b) PL spectrum at 7= 15K and low excitation
power for a fiber-integrated PhC cavity. (c) Higher-resolution
spectra of the same device as in panel (b), recorded using
SNSPD. (d) A different device with a transition on the cavity
mode exhibiting a linewidth more than twice as narrow as that
of the cavity mode.

higher-order cavity modes, for some devices, they were
identified in the spectra at shorter wavelengths. Upon cool-
ing the structure to 15K, we observe a blueshift of the
QD emission due to Varshni-like changes in the band gap
of the QD material and a blueshift of the cavity mode by
approximately 13 nm. The blueshift in the cavity mode is
due to the temperature-dependent change in the refractive
index [93] and thermal shrinkage of the cavity. Further-
more, at 15K, we observe an increase in the cavity’s QO
factor (frequency-to-bandwidth ratio) from 620 to 750.

At T = 15K, the excitation power was reduced to
observe individual QD transitions in the telecom bands,
as shown in Fig. 4(b). To characterize the source in time-
resolved experiments, the average laser power was set to
146 nW before the cryocooler fiber feedthrough, and the

integrated spectrum was measured on the SNSPD detector,
as shown in Fig. 4(c). Due to the diverse range of excited
and ground states of high-density QDs, the number of exci-
tonic transitions blends into a quasicontinuous spectrum,
leading to emission of quantum-dot background radiation
that undesirably feeds the fundamental mode of the cavity
[94]. Figure 4(d) shows the spectra from a different device
with a Purcell-enhanced QD transition, which exhibits a
linewidth less than half that of the cavity mode. This mea-
surement was taken with a higher excitation power than in
Fig. 4(c).

The QD emission line at 1532 nm marked in Fig. 4(c)
was selected for autocorrelation measurements. The high
signal-to-noise ratio, the higher intensity than other lines,
and the C-band operation make it an optimum choice. It
also matches the parameters of the */;3, —* I;5), transi-
tion of erbium(III) ions [95]. The intensity of the measured
line during the autocorrelation measurement in counts per
second was ~2 kHz, which is relatively low but compara-
ble to the intensity of the nontransferred device. For the
emission line in Fig. 4(d), the uncorrelated background
contributes to multiphoton events and hinders the demon-
stration of its single-photon emission; the low density of
QDs is expected to overcome this constraint and allow
single-photon Purcell-enhanced emission from a single
QD. For the line at 1532 nm, to characterize the multipho-
ton contribution to the emission, which is one of the limit-
ing factors in the application of quantum computation and
communication devices [33,96,97], we used nonresonant
pulsed excitation. The measurement of photoluminescence
decay, as shown in Fig. 5(b), reveals biexponential decay
with fast (0.9 ns) and slow (6.6 ns) components. With typ-
ical lifetimes for InAs/InP QD ensembles being around
2.0ns [41,78,81], one possible explanation for a lifetime
shorter than 1.0 ns is that the QD transition might be cou-
pling to a cavity resonance with a weak Purcell factor of
around 2.

Due to the presence of a long photoluminescence decay
component, which may originate from the uncorrelated
background emission [94], we examined the Hanbury-
Brown-Twiss experiment with a laser repetition rate of
40 MHz to avoid overlap of subsequent correlation peaks.
The line was filtered with a tunable fiber-based filter, so the
investigated window was within the spectral range marked
by the pink area in Fig. 4(c). The histogram data were fit-
ted with a periodic exponential decay using the following
formula [10]:

=zl —|t£nT]
g (1) =Cog+82 (e ™ +a) e @ . (1)
n#0

From the normalized histogram of coincidences shown
in Fig. 5(a), we subtracted the coincidences caused by
the background contribution Cpg. In the equation, « is the
amplitude of pulses outside the zero delay and t; is the
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FIG. 5. Time-resolved experiments. (a) Second-order autocor-
relation measurement with pulsed (triggered) optical excitation at
146 nW and 40 MHz repetition rate with background subtracted.
The dip at zero delay time confirms that the emitter is a single-
photon emitter. The blue curve is the experimental data and the
red lines correspond to fitted curves showing gg)(O) =0.27(12).
(b) Measured transition decay profile of the quantum emitter
within the same spectral window as for the autocorrelation mea-
surement. The decay curve is fitted using a double exponential
function to estimate the decay constants of fast 0.90(9)ns and
slow 6.6(4) ns.

time constant describing decay, which has a value of 2.2 ns
from the histogram fit. The value of gf(if) (0) from the his-
togram fit is then 0.27(12). The measurement was carried
out with an optical power close to the saturation level,
which allows for prompter observation of the minimum
at g®(0) given the large background emission. The his-
togram in Fig. 5(a) is normalized by intensity, meaning that
it is unaffected by the vacuum-state contribution, which
here is large due to the low end-to-end efficiency of the
device.

Under these experimental conditions, the fitted value
of gf(if)(O) is rather high, and with a power reduction,

we expect a reduction of gf(if)(O) [54]. Nonetheless, a
decrease in optical excitation power and, consequently, in
the signal-to-noise ratio introduces difficulty in obtaining
an accurate measurement. The gg) (0) value does not reach
the pure single-photon state with a value of gf(if) (0) =0,
and the background contribution can be accounted for
using the formula

Cx(r) = (1 = p?)
géiirected(o) = z pz £ ’ (2)

with a p = (S)/(S + B) value of 0.7, where S and B rep-
resent the signal and background count rates, respectively,
of the observed line [98], and where Cy(7) is the mea-
sured number of coincidences normalized by the expected
number of coincidences for a Poissonian source with the
same intensity. This parameter enables determination of
the corrected value of gc(gzrected(O) = 0.14(14) without the
background contribution. It should be noted that due to the
low end-to-end efficiency and high background contribu-
tion, the uncertainty in g‘® (0) is large. Before background
subtraction, the histogram coincidences were 152 for Cyg
and 237 for the average peak height outside zero delay
time.
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FIG. 6. (a) Intensity plot of the normalized count rate of the
device. (b) Histogram of the normalized intensity, showing the
distribution of the signal intensity with a standard-deviation
value o0 = 0.13.

A fiber-coupled QD source’s stability and operational
readiness are important for real-world applications. We
tested the stability of our device by monitoring the photon
flux for more than 40 hours, and the normalized intensity
plot is shown in Fig. 6(a). This reveals long-time-scale
fluctuations, possibly caused by thermal fluctuations of the
cryocooler and spectral wandering of the autocorrelated
line partially out of the spectral-filter range. The inten-
sity of the source remains unchanged after the cryocooler’s
thermal cycle. A histogram of the signal distribution is
shown in Fig. 5(b); this was fitted with a Gaussian func-
tion with a standard deviation o = 0.13. After eliminat-
ing the long-time-scale component, the calculated signal
fluctuation is reduced to o = 0.09.

IV. RESULTS AND DISCUSSION

In this work, we have detailed the design, fabrication,
and optical characterization of a triggered all-fiber single-
photon source operating in the third telecom window based
on high-density InAs/InP quantum dots. We used an H1
point-defect 2D PhC cavity to enhance photon coupling
to the standard single-mode fiber, along with a metallic
back-reflector and a SiO; layer spacer. The structures were
integrated using the microtransfer printing technique with
a high yield. Operating between two distant laboratory
nodes connected via commercially available single-mode
fiber, the device was found to maintain long-term emis-
sion and reliable performance through a cooling cycle,
demonstrating real-world applicability while focusing on
the telecom C-band. The device showed a low multipho-
ton contribution of glfif) (0) = 0.27(12) and, without back-

ground contribution, géf);ected(O) = 0.14(14). It should be
noted that to demonstrate a pure single-photon state (unlike
this device, which has a large vacuum-state contribution),
2®(0) should be zero, and the vacuum contribution must
be measured or a negative Wigner function should be
observed [99,100].

Before transfer printing, the use of a SiO, release layer
and a metallic mirror at the bottom of the chip have the
potential for 2D imaging and deterministic localization of
a single QD [41]. This would allow one to define a cavity
with a preselected single QD in its center, which, along
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with using QDs with lower density, would decrease the
number of spectral lines (a decrease in QD density by
a factor of 10 would give approximately one QD tran-
sition matched to a cavity mode), thus decreasing the
background contribution [101] and improving the single-
photon purity of the device. Reduction of the background
emission and improvement of the single-photon purity can
also be achieved using the quasiresonant excitation scheme
[55]. In addition, the efficiency of light coupling can be
increased with improved surface quality (fiber end polish-
ing) [102] and a more optimized cavity design. Compared
to FIB integration, microtransfer printing allows for the
introduction of a feedback loop during the alignment of
the structure, where the fundamental mode of the cavity
can be observed from the other side of the fiber in real time
and microtransfer printing can be adjusted to maximize
coupling efficiency.

Our design preserves the ability of the device to generate
single photons despite advanced processing, overcoming
the challenges of precise alignment, mode mismatch, and
mechanical stress when coupling to a fiber. This makes
our integration framework suitable for applications beyond
single-photon sources (which can be used for quantum key
distribution, quantum metrology, or photon-based simula-
tions) that also require alignment with a fiber core or mul-
tiple cores and stable operation, such as lab-on-fiber sens-
ing [103,104], highly sensitive measurement of refractive
index and temperature [105,106], and Raman-scattering
detection [107].
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