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Collecting Telecom Photons From Circular Bragg Gratings
Using Optical Fibers and 3D Printed Micro-Lenses
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Simone Luca Portalupi, Harald Giessen, and Peter Michler

Deterministic sources of quantum light are becoming increasingly relevant in
the development of quantum communication, particularly in deployed fiber
networks. Therefore, efficient fiber-coupled sources at telecom wavelength are
highly sought after. With this goal in mind, the fiber coupling performance of
quantum dots is systematically investigated in optical resonators under three
experimental configurations. For the first time coupling efficiency and
sensitivity are quantified to spatial displacement for single-mode fibers with
3D printed optics on their tip, and benchmark their behavior over a
commercial cleaved-cut fiber and a standard optical setup. The reduction of
the required optical elements when operating with a lensed or a bare fiber
allows for an increased end-to-end efficiency over a standard setup. For the
perspective of realizing a mechanically stable fiber-coupled source, the spatial
tolerance is precisely quantified to fiber-cavity misalignment, observing less
than 50% count rate drop for several micrometers displacement. In the spirit
of precise quantification and reproducibility, the experiments are performed
on multiple photonic resonators. These results will play a key role in the
future development of fiber-coupled sources of quantum light.
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1. Introduction

Single-photon emitters are key build-
ing blocks for future implementations
in quantum communication.[1–4] Solid-
state emitters such as semiconductor
quantum dots (QD) have shown great
results in terms of their optical properties
in the last decades.[5,6] This pushed the
development of QD sources with high
indistinguishability,[7] high brightness,[8,9]

and high single-photon purity.[10,11] The
challenge posed by the photon extrac-
tion from the solid-state matrix[12] has
been overcome by integrating microcav-
ities reaching end-to-end efficiencies of
57%[8] and 71.2%.[9] Circular Bragg grat-
ings (CBG) have gained particularly interest
over the past years since their far-field cavity
mode exhibits a Gaussian profile, and they
provide broadband extraction efficiency,
resulting in high detected count rates.[13–16]

As the current communication technol-
ogy is built upon a global fiber network,

the wavelength of the photons must be in the telecom O-
(1310 nm) or C-Band (1550 nm) due to the low wavepacket dis-
persion and low loss in optical glass fibers at these wavelengths.
In recent years, QDs in the telecom-range have been success-

fully grown and have exhibited promising results.[17–19] Also for
telecom QDs, their performances have been improved via the in-
tegration into microcavity structures such as CBGs,[16,20–22] pho-
tonic crystals,[23] and open-fiber cavities.[24] Usually, the photons
are generated and collected through a microscope objective in a
free space configuration. However, to access a fiber network and
perform certain protocols, the photons have to be coupled into a
single-mode fiber from free space. This process introduces un-
wanted losses, reducing the total amount of collected photons.
Specialized tailored single-photon sources that canmitigate these
photon losses are thus required. This becomes even more signif-
icant with the growing demand of highly efficient single-photon
sources.[3,25,26]

Efficient fiber coupling can be improved by placing a fiber
above the QD to directly couple single-photons without the need
of a microscope objective. In this way, the amount of required op-
tics can be minimized, resulting in enhanced fiber-coupling effi-
ciency. Additionally, with this approach, the fiber can be attached
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or glued to the sample, allowing plug-and-play operation.[27–31]

This provides a more practical and user-friendly fiber-coupled
single-photon source where free-space alignment is not needed.
Such advantages could be in particular promising for the develop-
ment of compact, transportable single-photon sources.[32] While
fiber-coupled devices at shorter wavelength have been realized in
the past, an increasing attention of research and technology will
target devices operating at the telecom C-band.
In this work, we perform a quantitative study on the achievable

coupling efficiencies by investigating the influence of spatial lat-
eral and vertical displacement of the fiber over telecom C-band
CBGs. This knowledge on the permitted displacement and opti-
mal positioning of the fiber with respect to CBGs is crucial for
the future monolithic integration of fiber and CBG. We compare
three different coupling setups using a fiber with a 3D-printed
lens[33] at the fiber tip, a bare fiber with a cleaved end, and a
commercial low-temperature objective as a reference. As the per-
formance of the 3D-printed lens has not been benchmarked to
other devices in the past study,[27] we use the bare fiber as a direct
comparison to the 3D-printed lens to gain insight of the advan-
tages of the lens. Furthermore, we investigate the reproducibility
of the coupling by performing the measurements on four differ-
ent CBGs for each of the setups. Although, coupling strategies
with a 3D-printed lens on fiber[27,34] and bare fiber[30,31] have al-
ready been demonstrated, a systematic study in the telecom C-
Band, exploring the advantages and limitations, has not been
shown so far. Our findings provide important foundations for
furtherminiaturization of fiber-coupled single-photon sources in
the telecom C-band.

2. Results and Discussion

2.1. Device Fabrication

We design and fabricate on a single-mode fiber tip a 3D-printed
aspheric lens with an NA of 0.6. To achieve such an NA, we first
splice a piece of no-core fiber with a length of 550 μm directly
onto the single-mode fiber. The lens is then 3D-printed via two-
photon polymerization.
For the single-photon source, semiconductor quantum dots

were grown by metal-organic vapor-phase epitaxy (MOVPE) in
the Stranski–Krastanov growth mode[35] based on an InAs ma-
terial including a metamorphic buffer layer[36,37] on a GaAs sub-
strate. The fabrication of CBGs embedding QDs is realized by
a flip-chip process onto a silicon carrier and a series of pro-
cessing steps comprising wet chemical etching, electron beam
lithography, and ICP-RIE dry etching.[38] With an additional gold
back reflector, optimal out-coupling andGaussian far-field can be
achieved.[16,20] For more information about the fabrication of the
3D-printed lens on fiber and CBGs, we refer to the Supporting
Information.
As one of our goals was to investigate the reproducibility of the

coupling, we performed measurements on four different CBGs,
each in the following configurations as sketched in Figure 1a
lensed fiber (NA= 0.6), Figure 1b SMF-28 bare fiber (NA = 0.14),
and Figure 1c microscope objective (NA = 0.82). The SMF-28
bare fiber is used as a direct reference to the lensed fiber to in-
vestigate the behavior of the 3D-printed lens. For each configura-
tion, we investigated the capability of the devices of (i) imaging

Figure 1. Experimental setup for the three configurations: a) 3D-printed
lensed fiber with a design numerical aperture of NA = 0.6 fabricated via
two-photon polymerization. b) Cleaved SMF-28 bare fiber. c) Microscope
objective with nominal NA = 0.82. In the respective bottom panels of each
configuration, the measured 𝜇-PL QD spectrum of CBG 1 (see Table 1)
is presented where each spectra is normalized to the overall maximum.
The blue-shift in wavelength in (b) is induced by strain due to a slight
detachment of the semiconductor membrane.

the sample surface, (ii) sensitivity of the coupling for spatial dis-
placement in X-,Y-, and Z-direction, and (iii) the maximum cou-
pling of the single-photons emitted from the CBG into the fibers.
To make an accurate investigation of these performances in

the three different configurations, the same CBGs have to be di-
rectly compared. Exemplary, in the bottom panels of Figure 1,
the 𝜇-photoluminescence (𝜇-PL) spectra of the QD within CBG
1 (see Table 1), measured in the three configurations, are pre-
sented. In total, four different CBGs were investigated for statis-
tical purposes showing that the results are reproducible. Here,
non-resonant excitation was applied where the brightest line was
used for all measurements. While the spectral features are the
same in the three cases, a blue-shift of 1.6 nm was observed in
the case of the bare fiber. This was observed consistently for all
emitters and attributed to a detachment of the semiconductor
from the sample carrier after several cooling cycles. This led to
a change of the strain conditions on the QD and therefore to a
blue shift of the spectra. Despite that, the emitter performance
remained comparable. A more detailed discussion on the achiev-
able count rate in each configuration will be given in Section 2.4.

2.2. Imaging of Sample Surface

To make a direct comparison of the same CBGs with the three
configurations, it is essential to resolve the surface of the sam-
ple to retrieve the same cavity. With the microscope objective
it is possible to directly project the image of the sample sur-
face onto a camera when illuminating with a white light source,
hence utilizing a free-space configuration. When using a struc-
ture consisting of only one single-mode fiber, imaging the sur-
face becomes more challenging and cannot be performed in a
similar way to a microscope objective as only one spatial mode
can propagate within the fiber. As a consequence, most of the
spatial information of the sample surface would get lost. There-
fore, other methods have to be applied to image the sample sur-
face. For the following experiments we made use of a high sta-
bility bath cryostat (Attocube liquid 100) where the relative fiber-
sample position can be controlled by precise piezo-scanners (At-
tocube ANS100 series). With additional interferometric displace-
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Figure 2. a) Schematic illustration of the area on the sample which was
scanned. b,c) 40 μm × 40 μm XY-reflectivity scan on the sample surface
utilizing the (b) lensed fiber and a (c) bare fiber. A red laser (658 nm)
is injected into the fibers while the sample is scanned in the lateral XY-
direction. Simultaneously, the reflected signal of the laser (90%) is col-
lected via a 90:10 fiber beam splitter resulting in an intensity contrast map
for the lensed fiber and bare fiber. The right image depicts a slightly verti-
cally shifted region compared to the left image.

ment sensors in the lateral XY-direction (Attocube FPS3010), the
position is reliably controlled with nanometer precision. More-
over, with additional coarse steppers (Attocube ANP101 series)
we are able to navigate around the entire sample to target the
desired CBGs. Imaging the sample surface with the fiber struc-
ture is then performed in a reflectivity measurement. Via a 90:10
fiber beam splitter, a red laser (658 nm) is inserted (10%) into the
fiber. While scanning the sample in the lateral XY-direction, the
reflected laser signal (90%) is detected. Various structures on the
sample, which are schematically depicted in Figure 2a, such as
reference markers, CBGs, and label markers reflect, scatter, or
absorb the laser light differently (see Supporting Information).
Figure 2b displays the measured reflectivity map for which illu-
mination and collection happen through the same lensed fiber
(configuration as in Figure 1a). Figure 2c depicts the same mea-
surement when a bare fiber is employed (configuration as in
Figure 1b). The size of both scans is set to 40 μm × 40 μm. With
the lensed fiber, the resolution is high enough to resolve the struc-
tures. The distance between the CBGs were designed to be 25 μm
which can be also extracted from the scan in Figure 2b, indicat-
ing that the lensed fiber can faithfully image the sample surface.
In comparison, when using the bare fiber, the same structures
are also visible, yet not resolved well enough to identify the labes.
The comparison between the two scans prove that the lensed fiber
allows for an accurate visualization of the sample surface: this be-
comes very important when specific photonic structures need to
be employed in the experiment. Although more challenging and
time-consuming, the same CBGsmeasured with the lensed fiber
were found backwith the bare fiber. This was necessary to provide
a quantitative comparison among the three experimental config-
urations.
In the future, when other photonic structures are targeted, the

lensed fiber could also be appealing since the large spatial resolu-

tion would be advantageous. The spatial resolution of the lensed
fiber is estimated to be around 600 nm when assuming the pa-
rameters in our experiments as 𝜆 = 658 nm and NA = 0.6. This
resolution is high enough to resolve most of the photonic struc-
tures used in photonic integrated circuits[39–41] such as waveg-
uides, beam-splitters,[42–44] or other micro-resonators.[45] With
the bare fiber, the resolution is limited by the mode field diam-
eter (MFD) of the fiber which is mostly in the range of microm-
eters. The spatial resolution could be improved by deploying a
ultra-high-NA (UHNA) fibers exhibiting smallers MFDs, how-
ever, still in the micrometer range. To gain the lowest spatial res-
olution, the bare fiber has to be operated with the smallest possi-
ble fiber-sample distance as the beam profile diverges with larger
distance, ultimately reducing the resolution. This could pose po-
tential risks of damaging the structures on the sample. In con-
trast to this, with a working distance of 36 μm for the lensed fiber,
the fiber-sample distance is large enough to safely operate. If the
fibers are not monolithically integrated with the sample (no glu-
ing), the lensed fiber shows a clear advantage over the bare fiber
in terms of navigating and resolving structures on the sample
reducing at the end the time-consumption.

2.3. Spatial Sensitivity

Besides of being able to navigate to the desired CBG, it is neces-
sary to reliably couple the photons emitted from the CBG into
the fiber. For this purpose, the fiber must be spatially aligned
to the far-field of the cavity mode. Hence, the behavior of the
count rate in dependence of the spatial lateral XY- and vertical Z-
direction is investigated and quantified. Understanding the spa-
tial sensitivity of the fiber becomes amajor aspect in terms of fea-
sibility for fiber-coupled single-photon sources.[46] For the real-
ization of such devices, adhesives or mechanical holders are usu-
ally used to permanently attach the fiber to the sample making
the alignment procedure, however, more challenging. It is there-
fore crucial, to know the allowed spatial tolerance of the individ-
ual fibers for optimal device efficiency. To determine the spatial
tolerance of the lensed fiber, a 𝜇-PL map in the XY-direction is
scanned around the CBG. While exciting the QD via either cw
p-shell (𝜆exc = 1512 nm) or cw and pulsed non-resonant pump-
ing (𝜆exc = 780 nm), the emitted light is collected and sent to su-
perconducting nanowire single-photon detectors (SNSPD - Sin-
gle Quantum). This process is repeated for different positions in
Z-direction to also probe the sensitivity in the vertical direction.
Here, the Z-position is changed step-wise with a stepping size
of 200 nm over a range of 6 μm symmetrically around the focal
spot of the lensed fiber. The resulting XYZ-scan is depicted in
Figure 3a where the green and red solid lines indicate the cut
in the Figure 3b lateral XY-plane of the focal spot and Figure 3c
vertical YZ-plane, respectively. These measurements are com-
monly referred to as the Point Spread Function (PSF)[47,48] and
were also performed with the microscope objective as a refer-
ence (see Supporting Information). In Figure 3b, a Gaussian fit
was applied to extract the distance at which the maximum sig-
nal drops to half of the maximum intensity (full width at half
maximum FWHM) in X- and Y-direction indicated as the white
dashed lines. The same procedure was also performed for the
vertical YZ-Plane (Figure 3c). Multiple measurements of the spa-
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Figure 3. a) XYZ-scan of the lensed fiber obtained by exciting the QD in p-shell excitation. b) The XY-scan corresponding to the focal spot is shown
and indicated by the green solid line in (a). The white dashed lines depict the cut through the maximum in X- and Y-direction resulting in an average
FWHMXY in the lateral direction of 1.22 ± 0.2 μm. c) Cut in the YZ-direction extracted from the cut of the dark red line from (a). The average FWHMYZ
is determined to be 4.56 ± 0.7 μm. d) Simulation in the XY-plane of the 3D-printed lens on fiber yielding FWHMXY,sim of 1.44 μm. e) Simulation in the
YZ-plane resulting in FWHMYZ,sim of 8.10 μm.

tial sensitivity were performed on different CBGs. In Table 1,
the arithmetic mean value and respective standard deviation of
all measured FWHM in XY, and YZ are listed. For the sake
of clarity, the FWHM of XY corresponds to the mean value of
the FWHM in X- and Y-direction. The average experimental
value correspond to FWHMXY = 1.22 ± 0.2 μm and FWHMYZ =
4.56 ± 0.70 μm. From simulations (see Supporting Information)
of the XY-plane (Figure 3d) and YZ-plane (Figure 3e), the theoret-
ical value FWHMXY,sim = 1.44 μm is in good agreement with the
experimental value, whereas FWHMYZ,sim = 8.10 μm is slightly
larger to the experiment. In our simulations, we assume a Gaus-
sian wave propagating from the interface between the single-
mode fiber and the no-core piece to the 3D-printed lens (see Sup-
porting Information). However, in the experiment, the light is
collected from a CBG emitting in a certain NA which could ex-
plain the deviation between simulation and experiment in the
vertical direction.
As a comparison to the lensed fiber, the spatial sensitivity of

the bare fiber was also analyzed. To analyze the behavior of the
coupling in the vertical direction, the count rate in pulsed non-
resonant excitation (𝜆exc = 780 nm) was directly measured while
changing the distance of the bare fiber to the the sample. With
coarse steps, the distance is step-wise changed by 1.2 ± 0.2 μm
over a range of 85 μm. The according results in Figure 4a indi-
cate a continuous signal drop with a superimposed oscillation
in the count rate over the entire range. These oscillations are
further resolved in the inset using a fine step size covering a
range of 15 μm in steps of 100 nm. The reason for the oscilla-
tions are interference effects arising from a Fabry–Pérot (FP) cav-
ity formed between the bottom gold mirror of the sample and the
cleaved fiber tip.With themeasured oscillations and expected res-
onance condition 𝜆∕2 for a FP-cavity, the position in the vertical
Z-direction could be reliably measured. This oscillating behav-
ior has been also simulated for circular Bragg gratings[28] and
measured on a QD-micropillar.[30] In the inset of Figure 4a, the

first oscillation at a distance of ∼ 0 μm exhibits a longer oscilla-
tion period than the other oscillations due to the fiber tip com-
ing into contact with the sample surface. As the fiber may be
slightly tilted, estimated to be below 2◦, the sample can still be
moved even if the fiber tip touches the sample. Looking further
into the coupling, a plateau of the count rate between 0 to 10 μm
is observed before a continuous drop occurs, indicated with the
blue averaged line. Within this region, the bare fiber ideally acts
as FP-cavity while with larger distance the cavity becomes more
unstable, resulting in a drop of oscillation amplitude. At dis-
tances larger than the plateau, the beam diameter of the emitted
light from the CBG expands larger than the mode field diame-
ter (MFD ≈ 10.4 ± 0.5 μm) of the bare fiber, ultimately impact-
ing the in-coupling efficiency. Using ray optics, the distance L,
at which the beam profile of the CBG becomes larger than the
MFD of the fiber, can be estimated with L = MFD∕(2 ⋅ NACBG) =
13.0 ± 0.6 μm where NACBG corresponds to the numerical aper-
ture of the CBG simulated to be around 0.40 (see Supporting In-
formation). This value is in in the range of the measured 10 μm.

Figure 4. a) Measured count rate over the fiber-sample distance using
the bare fiber. In the inset, a finer scan from the grey shaded area can
be observed. The dark red and blue line correspond to the measured data
and averaged data. b) An XY-scan at the last observable oscillation maxi-
mum before contact with the sample is shown with an average FWHMXY
of 4.90 ± 0.34 μm.
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In a sense of practical use, the plateau can be defined as the work-
ing range (WR) of the bare fiber. To obtain a similar comparison
to the lensed fiber, the FWHMZ for the bare fiber is determined
to be at around 46 μm calculated from the averaged line. Further-
more, an XY-scan was performed at the closest possible distance,
where the last maximum of the count rate is found, before the
fiber tip touches the sample, resulting in the scan displayed in
Figure 4b. From multiple measurements of such scans, the av-
erage FWHMXY of the bare fiber corresponds to 4.90 ± 0.34 μm.
It would be expected that the the measured FWMHXY is in the
same range as the MFD of the fiber. Since the MFD is defined as
the distance where the mode intensity cross section within the
fiber drops to 1∕e2, we use the FWHM of the mode intensity of
6.14 ± 0.3 μm to make a comparison to our measured value. The
measured value seems to be lower from the expected value which
could be again attributed to the positional tilt as mentioned be-
fore. In terms of the overall spatial sensitivity, the bare fiber ex-
hibits larger FWHMs in both the lateral and vertical direction in
comparison to the lensed fiber.
Even though the larger FWHMs of the bare fiber might seem

more advantageous, the fiber-sample distance must be set to a
maximum of the oscillations, demanding precisions of tens of
nanometers. The contrast of the maximum (1.58MHz) and the
minimum (1.07MHz) of the oscillations amounts to 67%. It is
therefore paramount to be placed at a maximum to maintain the
optimal efficiency of the device. Alternatively, by applying an anti-
reflection coating onto the fiber tip, the oscillations could also
be avoided.[49] On the other hand, the lensed fiber exhibits ex-
cellent stability in terms of the in-coupling of the single-photons
once the fiber-sample distance is adjusted. If a fiber-coupled de-
vice should be designed by using adhesives or mechanical hold-
ers, any alignment technique exhibiting higher precision than
the measured spatial sensitivity of the fibers can in principle be
reliably used to gain the optimal device efficiency. For example, a
quite recent interferometric alignment method, reaching a preci-
sion of 50 nm, was introduced in[50] which has already been im-
plemented for QD-mesa structures[32,51] and QD-CBGs[29] oper-
ating at ∼ 900 nm and up to telecom O-band. It is worth to note
that despite having a high alignment precision, realistically, ad-
hesives can also lead to additional spatial displacement and strain
on the sample making the realization of devices more demand-
ing. This is a difficulty that the individual user must take into
account when designing fiber-coupled devices.

2.4. Comparison of Device Efficiency

Apart from the spatial sensitivity, it is also of interest of investi-
gate the maximum achievable count rate each configuration can
provide. However, to quantify and make a reliable comparable
study, we determine both the collection and end-to-end efficiency
of each configuration. Here, the collection and end-to-end effi-
ciency are defined as the fraction of the photons collected by the
3D-printed lens, the cleaved fiber end, and the microscope ob-
jective and fraction measured directly at the detectors. Since the
setup transmission efficiency of the three configurations is dif-
ferent, it is important to determine the losses within each setup
to evaluate the collection efficiency. The efficiencies can be cal-
culated with 𝜂coll = R∕𝜂setupfrep and 𝜂end−to−end = R∕frep with R, frep,

Table 1. Statistics of the measurements taken with the lensed fiber, bare
fiber, andmicroscope objective. For four CBGs, the count rate R, collection
efficiency 𝜂coll, end-to-end efficiency 𝜂end−to−end, and wavelength are listed.
The given values correspond to the arithmetic average and standard de-
viation from multiple measurement periods. If no standard deviation is
noted only one measurement was performed.

Lensed
fiber

Bare fiber Microscope
objective

Wavelength
[nm]

FWHM XY (𝜇m) 1.22 ± 0.20 4.90 ± 0.34 1.69 ± 0.13

YZ (𝜇m) 4.56 ± 0.70 46 8.41 ± 0.70

WD/WR (𝜇m) 36 10 400

Design NA 0.6 0.14 0.82

R (MHz) 1.11 ± 0.05 1.33 ± 0.07 0.44

CBG 1 𝜂end−to−end (%) 1.5 ± 0.1 1.8 ± 0.1 0.6 1510

𝜂coll (%) 9.0 ± 1.3 7.9 ± 0.8 15.4 ± 2.9

R (MHz) 1.66 ± 0.10 0.90 ± 0.14

CBG 2 𝜂end−to−end (%) 2.2 ± 0.1 N/A 1.2 ± 0.2 1537

𝜂coll (%) 13.5 ± 2.1 31.7 ± 7.9

R (MHz) 1.09 1.10 ± 0.06 0.76

CBG 3 𝜂end−to−end (%) 1.4 1.5 ± 0.1 1.0 1490

𝜂coll (%) 8.9 ± 1.3 6.6 ± 0.7 25.1 ± 5.1

R (MHz) 0.58 0.35 0.41

CBG 4 𝜂end−to−end (%) 0.8 0.5 0.5 1570

𝜂coll (%) 4.7 ± 0.7 2.1 ± 0.2 14.4 ± 2.7

𝜂setup (%) 16.1 ± 2.3 22.1 ± 1.7 3.7 ± 0.7

and 𝜂setup being the measured count rate at the detectors, repeti-
tion rate of the excitation laser, and setup efficiency, respectively.
For the following measurements, only non-resonant excitation
was used.
InTable 1 the count rateR, calculated collection efficiency, end-

to-end efficiency of the four different CBGs, and the respective
setup efficiency of each configuration are listed. The values with
their respective uncertainty originate from multiple measure-
ment repetitions and correspond to the arithmetic mean value
and respective standard deviation. Here, the measured count
rate R is corrected for the imperfect second-order auto correla-
tion function g(2)(0) with the factor

√
1 − g(2)(0), resulting in the

pure single-photon count rate.[52] In the Supporting Information,
the detailed spectra and g(2)(0) of each CBG are presented. First,
the measured count rate R and 𝜂end−to−end is compared in each
configuration. In Table 1, when comparing both fibers, no sig-
nificant change in the count rate is observed for the measured
CBGs. Thus, it is reasonable to state that 𝜂end−to−end is compara-
ble for both configurations. When comparing these count rates
to the microscope objective a drastic improvement is achieved
for the fibers going from 0.44MHz (CBG 1, microscope objec-
tive) to 1.33MHz (CBG 1, bare fiber) yielding a maximum factor
of 3.0 ± 0.2. In contrast, CBG 4 only exhibits a modest improve-
ment or lower performance. This could be attributed due to a
non-ideal Gaussian far-field emitted from the cavity that can be
caused by the spatial displacement of the emitter with respect to
the electric field maximum of the cavity.[53] In turn, the non-ideal
Gaussian far-field could impair the mode-matching between the
cavity mode and the fiber mode. Still, on average, the improve-
ment is about 1.8 ± 0.7. The reason for the higher count rate is

Adv. Quantum Technol. 2025, 8, e00450 e00450 (5 of 8) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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due to the enhanced 𝜂setup since no external optics are required
for the fiber configurations. In our case, we were able to increase
𝜂setup from 3.7 ± 0.7% (microscope objective) to 22.1 ± 1.7% (bare
fiber). It should be noted that 𝜂setup for themicroscope objective in
free space can generally be refined by optimizing the necessary
optics possibly resulting in a sufficient 𝜂setup such that no advan-
tage to the fibers can be gained.
In the next step, 𝜂coll is compared in each configuration. This

value is important as it dictates how many photons can be col-
lected into the first-lens and possibly be used in an experiment.
After collecting the photons, the only loss sources are given by
the setup, which asmentioned can generally always be improved.
Here, the microscope objective seems to out-perform both fibers
with 15.4 ± 2.9% (CBG 1, microscope objective) and 7.9 ± 0.8%
(CBG 1, bare fiber). However, it is expected that 𝜂coll of the micro-
scope objective and the lensed fiber should be in the same range
since both their NAs are large enough to fully collect the single-
photons emitted from the CBG (see Supporting Information).
For the lensed fiber, the fiber in-coupling from the 3D-printed
lens into the SMF-28 fiber is not accounted for in the measured
𝜂setup as it was not possible to experimentally determine it. Assum-
ing that 𝜂coll of the lensed fiber and microscope objective should
be about the same, the missing fiber in-coupling is estimated to
be 42 ± 12%.
The fiber in-coupling could be improved by several optimiza-

tion procedures. First, reducing the shape deviations further by
using more iterations for shape optimization could yield better
lens performance. Using evenmore precise measurement meth-
ods, such as wavefront measurement,[54] is a viable option to fur-
ther enhance the lens quality. Finally, optimizing the length of the
no-core fiber piece can allow for a better mode match from the
lens to the fiber core.With these optimizations, the end-to-end ef-
ficiency of the lensed fiber could possibly exceed that of the bare
fiber. At the present stage, the increased end-to-end efficiency is
not due to an increased collection efficiency between the fiber and
the microscope objective (simulations in Supporting Informa-
tion show that ∼ 90% of the photons can be collected within an
NA of 0.4). But, the advantage of using a fiber lies in the reduced
number of optical elements in the working setup (with respect
to the objective configuration). This results in a higher setup effi-
ciency and hence a higher end-to-end efficiency. Furthermore, it
allows efficient miniaturization of complex experimental setups,
which is crucial for real-world quantum communication links. In
principle, we were able to show that the fibers can improve the
end-to-end efficiency with our given setup efficiency of the mi-
croscope objective. This could greatly benefit experiments where
multi-fold coincidences are required since here the coincidence
rate scales exponentially with the detected counts.[55] In the fu-
ture, UHNA fibers could be used on both lensed and bare fiber
to gain better fiber in-coupling since the smallerMFD should im-
prove the mode matching from the CBG into the fiber.[56]

3. Conclusion

We performed measurements on four different CBGs in config-
urations: lensed fiber, bare fiber, and as a reference a microscope
objective. Three aspects of the performance of these configura-
tions were investigated: (i) imaging the sample surface demon-
strated that the lensed fiber can reliably resolve the sample sur-

face. (ii) The spatial sensitivity in the lateral XY- and vertical Z-
direction of the lensed and bare fiber are within a couple of mi-
crons, with additional oscillations on the count rate when chang-
ing the fiber-sample distance with the bare fiber. Finally, (iii)
the measured count rate with both fibers is equal and can out-
perform a standard optical setup with 𝜂setup = 3.7 ± 0.7% of up to
a factor of 3.0 ± 0.2.
As a conclusion we have shown that the lensed and bare fiber

can be operated in an open and flexible approach, offering an
advantage in terms of efficiency to a conventional microscope
objective. Our measurements also present a systematic study of
the spatial sensitivity of these fiber structures which is important
for the realization of plug-and-play operation, improving further
the scalability of single-photon sources. These findings pave the
way for the efficient integration of semiconductor quantum emit-
ters with optical fibers as modular components[57,58] and shall
contribute to the realization of the future fiber-based quantum
network for secure communications where fiber-coupled single-
photon sources in the telecom C-Band are crucial.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Yvind, N. Gregersen, A. Musiał, A. Huck, T. Heindel, M. Syperek, E.
Semenova, Nat. Commun. 2024, 15, 3358.

[22] J. Yang, Z. Jiang, F. Benthin, J. Hanel, T. Fandrich, R. Joos, S. Bauer, S.
Kolatschek, A. Hreibi, E. P. Rugeramigabo, M. Jetter, S. L. Portalupi,
M. Zopf, P. Michler, S. Kück, F. Ding, Light: Sci. Appl. 2024, 13, 150.

[23] C. L. Phillips, A. J. Brash, M. Godsland, N. J. Martin, A. Foster,
A. Tomlinson, R. Dost, N. Babazadeh, E. M. Sala, L. Wilson, J.
Heffernan, M. S. Skolnick, A. M. Fox, Sci. Rep. 2024, 14, 4450.

[24] J. Maisch, J. Grammel, N. Tran, M. Jetter, S. L. Portalupi, D. Hunger,
P. Michler, Phys. Rev. B 2024, 110, 165301.

[25] J. Neuwirth, F. B. Basset, M. B. Rota, E. Roccia, C. Schimpf, K. D. Jöns,
A. Rastelli, R. Trotta,Mater. Quantum Technol. 2021, 1, 043001.

[26] S. Thomas, P. Senellart, Nat. Nanotechnol. 2021, 16, 367.
[27] L. Bremer, K. Weber, S. Fischbach, S. Thiele, M. Schmidt, A.

Kaganskiy, S. Rodt, A. Herkommer, M. Sartison, S. L. Portalupi,
P. Michler, H. Giessen, S. Reitzenstein, APL Photonics 2020, 5,
106101.

[28] L. Rickert, T. Kupko, S. Rodt, S. Reitzenstein, T. Heindel, Opt. Express
2019, 27, 36824.
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