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Plug-and-Play Single-Photon Devices with Efficient

Fiber-Quantum Dot Interface

Woong Bae Jeon, Jong Sung Moon, Kyu-Young Kim, Young-Ho Ko,
Christopher J. K. Richardson, Edo Waks, and Je-Hyung Kim*

Incorporating solid-state quantum emitters into optical fiber networks enables
the long-distance transmission of quantum information and the remote
connection of distributed quantum nodes. However, interfacing quantum
emitters with fiber optics encounters several challenges, including low
coupling efficiency and delicate configuration. In this study, a highly efficient
fiber-interfacing photonic device that directly launches single photons from
quantum dots into a standard FC/PC-connectorized single-mode fiber is
demonstrated. Optimally designed photonic structures based on hole
gratings produce an ultra-narrow directional beam that matches the small
numerical aperture of a single-mode fiber. A pick-and-place technique
precisely integrates a single miniaturized device into the core of the fiber. This
approach realizes a plug-and-play single-photon device that does not require
optical alignment and thus guarantees long-term stability. The results
represent a major step toward practical and reliable transmission of quantum

light across a fiber network.

1. Introduction

Solid-state quantum dots (QDs) with a variety of exciton states
provide important quantum building blocks such as single
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photons,!'3 entangled photon pairs,/**!
and spin memories!’”! for quantum in-
formation processing. Recent advances
in material growth, nanofabrication,
and coherent control techniques for

QDs have led to the realization of
quantum communication,>*!l  quan-
tum teleportation,'*®! and quantum

simulations.[*/ Moreover, QDs can me-
diate the quantum interaction between
spins and photons!'*5]  or between
photons and photons,!'®l thus creating
deterministic quantum gates!®’l and
photonic cluster states.'!! The problem
of spectral inhomogeneity in solid-state
quantum emitters can be addressed via
temporal-to-spatial ~ demultiplexing/1%2°]
and local frequency tuning?'3l tech-
niques, enabling the production of
multiple indistinguishable single pho-
tons and resonant emitters for scalable
quantum systems. To implement the above quantum technolo-
gies in a practical way, it is essential to interface quantum emit-
ters with low-loss optical platforms. Well-developed fiber optics
provide an ideal platform for establishing scalable and distributed
quantum systems.[>2+25]

There have been several different approaches for coupling
single-photon emissions from QDs into fiber optics. Most
straightforwardly, a piece of a QD wafer can be directly attached
to an optical fiber.[?] This simple integration lacks coupling effi-
ciency owing to QD emission with poor light extraction and non-
Gaussian far-field patterns. Intermediate optical systems!?”28] or
microstructured optical fibers!??! can improve fiber coupling effi-
ciency; however, continuous adjustment of the optical alignment
is unavoidable to maintain this efficiency. Integrating QDs into
3D micro/nanophotonic structures, such as micropillars,3%31]
nanowires,?”) and monolithic lenses!**%] can significantly en-
hance light extraction and produce Gaussian-like far-field pat-
terns. However, these methods are based on chip-to-fiber inte-
gration, which wastes samples and limits scalability. Ideally, adi-
abatic coupling between a tapered single-photon device and a
fiber can realize single device-to-fiber integration.*¢37] Although
such integration can produce near-unit coupling efficiency,!!
the delicate tapered structures cause long-term stability prob-
lems. Therefore, the efficient and reliable implementation of
fiber-integrated quantum emitters remains a challenging goal.

In this study, we demonstrate efficient and compact plug-and-
play single-photon sources based on telecom wavelength emit-
ting QDs with hole-based circular Bragg gratings (hole-CBGs).
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Figure 1. Ultra-narrow vertical beam in a hole-CBG. a) Schematic image of a hole-CBG device integrated into a single-mode fiber. The hole-CBG device
includes InAs/InP QDs. The integrated fiber-QD device can be stably mounted on a cold finger using an FC/PC mating sleeve for low-temperature
operation. Schematics and simulation results of b) a ring-CBG and c) a hole-CBG, respectively. The vertical cross-sectional field profiles show the
normalized |E|? for each device on a logarithmic scale. The in-plane spatial field (|E|?) profiles for the fundamental mode are superimposed on top of
each structural schematic. d) Polar plots of far-field mode profiles. The left-hand (right-hand) semicircle corresponds to a ring-CBG (hole-CBG). ) Cross-
sectional far-field mode profiles as a function of angle. f) Calculated collection efficiency in the upper half-sphere as a function of NA (Pya/ Pypper)- 8)
Calculated Purcell factor (black line) and Pya/ Pypper With respect to wavelength for NAs of 0.7 (dashed blue line) and 0.12 (solid blue line), corresponding

to the objective lens and the single-mode optical fiber, respectively.

A thin-membrane planar resonator with hole gratings produces
an ultra-narrow vertical beam whose emission angle matches
the small numerical aperture (NA) of a single-mode fiber. Using
a pick-and-place technique,*! the fabricated hole-CBGs can be
precisely integrated into the core of a single-mode fiber. The in-
tegrated fiber—QD system, as illustrated in Figure 1a, enables the
compact plug-and-play operation of single photons from a source
to a detector with high coupling efficiency and long-term stability.

2. Optimized Design of the Fiber-Interfacing
Photonic Device

2D CBGs can provide a suitable thin membrane structure with a
Gaussian far-field profile for fiber integration.l*] However, the
mismatch between the mode size of high-index nanophotonic
cavities and low-index single-mode fibers still limits the fiber-
coupling efficiency. Several design modifications, such as par-
tially etched CBGs!*! and hybrid CBGs,[**#4! have been proposed
to improve light extraction and coupling efficiency. Particularly,
hybrid CBGs exhibit a high mode-coupling efficiency of more
than 50% with a standard single-mode fiber (SMF28) in sim-
ulations; however, such fiber-coupled devices are yet to be re-
ported in an experiment. To overcome the limitations and dif-
ficulties of the CBGs based on concentric ring arrays, we newly
designed CBGs based on hole arrays. Hole-CBGs have distinct
advantages over ring-based CBGs (ring-CBGs) in terms of sev-
eral factors related to their hole systems. First, according to the
effective medium theory,**#%) hole-CBGs can lower the refractive
index contrast between air and matter (InP) than ring-CBGs. A
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smooth refractive index gradient in hole-CBGs enlarges the spa-
tial mode size. Moreover, hole-CBGs optimize the structural pa-
rameters in both the radial and axial directions, whereas ring-
CBGs optimize the structure parameter only in the radial direc-
tion. This additional degree of freedom provided by hole-CBGs
enables further optimization of constructive and destructive in-
terferences, resulting in highly enhanced vertical emission and
suppressed higher-order diffraction.[*’]

To study the fundamental capability of vertical beaming, we
compared hole- and ring-CBGs on a thin membrane. Each
structure was optimized using a finite-difference time-domain
method at a target wavelength of 1250 nm to match the emission
of InAs/InP QDs we studied.

In aring-CBG, the wavelength of the fundamental cavity mode
mostly depends on the radial period (A) of the concentric rings
that satisfy the second-order Bragg condition, A = Agp /e (Merr
is an effective refractive index of a transverse electric mode).[*8!
By iteratively changing the radius of the center disk (c) and the
trench width between the rings (w), we optimized the structural
parameters to achieve the maximum collection efficiency within
a half-angle of 7°, which corresponds to the NA of a single-mode
fiber. The optimized structural parameters of the ring-CBG were
A =497 nm, ¢ = 546 nm, and w = 149 nm (Figure S1, Support-
ing Information). The thickness (T) of the structure was fixed at
280 nm to match that of the QD sample. To imitate QDs, we in-
serted two orthogonally polarized in-plane dipoles at the center
of the structure. For the hole-CBGs, we similarly simulated the
structure with the radial period between holes (A) and the radius
of the center disk (c). The hole size (h) was considered for the
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Figure 2. Optical characteristics of the hole-CBG device. a) SEM image of the fabricated hole-CBG. The inset shows a close-up view of the center of the
device. b) Room temperature PL spectrum of the cavity mode of the fabricated hole-CBG. c) Low temperature (4 K) PL spectrum of the hole-CBG at 500
nW (gray curve) and 10 nW (red curve). The inset shows an antibunching curve for single QD emission. d) Collection efficiency of QD A (red circle) and
QD B (orange circle) in the hole-CBG with spectral detuning values of 0.1 and 4 nm, respectively. Collection efficiencies of four different bulk QDs (gray,
dark gray, blue, and purple) are plotted together for comparison. e) Decay curves of QDs A (red circle) and B (orange circle) in the hole-CBG along with
that of a bulk QD (black circle). The solid lines are fitted single-exponential curves with decay times of 0.66 ns (red), 3.07 ns (orange), and 2 ns (black).
f) Statistical distribution of the decay times of cavity-coupled QDs as a function of spectral detuning (A) between the cavity and the QDs. The dashed

black line (gray-colored area) corresponds to the average value (standard deviation) of the lifetimes of the bulk QDs.

hole-CBG instead of the trench width (w) of the ring-CBG. Note
that the hole-CBG structure has an additional parameter of the
axial period between holes (). The optimized structures had pa-
rameters of A =467 nm, c=618 nm, h=135nm, and a =210nm
(Figure S1, Supporting Information).

Figure 1b,c shows the structural design with the superim-
posed in-plane cavity mode and the vertical cross-sectional emis-
sion profiles of the ring- and hole-CBGs at the fundamental cav-
ity mode wavelength. The in-plane spatial mode of the hole-
CBG is distributed over a wide area, which is in contrast with
the tightly confined mode in the central disk of the ring-CBG.
The larger mode size of the hole-CBG leads to more directional
emission with a smaller divergence compared to the ring-CBG.
This is clearly shown in the vertical cross-sectional field (log
(IE])?) profiles of the ring- and hole-CBGs in Figure 1b,c. Fig-
ure 1d compares the far-field patterns of the two structures plot-
ted against angle and shows that the hole-CBG enables narrower
Gaussian far-field emission. For the hole-CBG, most emissions
lay within NA = 0.12 of the single-mode fiber. Meanwhile, a con-
siderable collection loss is expected in the ring-CBG at small
NAs. In Figure 1e, the cross-sectional far-field profiles with re-
spect to angle show that the hole-CBG suppresses high-order
diffraction. In contrast, the ring-CBG produces noticeable emis-
sions into higher-order diffraction angles greater than 30°. To
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quantify the vertical directionality of the two structures, we cal-
culated the collection efficiency in the upper half-sphere, which
is defined here as the ratio of the upward emission that passes
through corresponding NAs to the total upper half-sphere emis-
sion (Pya/Pypper)- Figure 1f compares the simulated collection
efficiencies of the ring- and hole-CBGs with respect to NA. As ex-
pected, the hole-CBG maintains high collection efficiencies, even
at small NAs. In the case of the ring-CBG, only 24% of the emit-
ted light can be collected with 0.12 NA, whereas the hole-CBG
can collect as much as 63%. Figure 1g shows the simulated mode
spectrum of an optimized hole-CBG at 1250 nm. The cavity mode
of the hole-CBG exhibits a Q-factor of 4200 and a Purcell factor of
over 100. This is considerably larger than the Q-factor (230) and
Purcell factor (20) of the ring-CBG (Figure S1, Supporting In-
formation). Although high Purcell enhancement occurs within
a small spectral window of 0.38 nm at the resonant wavelength,
high collection efficiency takes place over a broad spectral range,
as shown in Figure 1g. This is advantageous for spectral coupling
with solid-state quantum emitters.

3. Device Fabrication and Optical Characterization

To fabricate the designed hole-CBG, we used self-assembled
InAs QDs with a density of ~10 um~2 located in the middle of
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a 280 nm-thick InP membrane on a 2 pm-thick AllnAs sacri-
ficial layer. The emissions of the QD ensemble span a broad
spectral range from 1200 to 1550 nm, covering the telecom O-
and C-bands. In this study, the short-wavelength region around
1250 nm, where the density of the QDs is relatively low, was des-
ignated as the center of the cavity mode to obtain single QD emis-
sions with low background fluorescence. The hole-CBG device
was fabricated on an InAs/InP QD wafer using electron-beam
lithography followed by dry and wet etching processes. Figure 2a
shows a scanning electron microscopy (SEM) image of the fabri-
cated air-suspended hole-CBG.

We first characterized the mode spectrum of the hole-CBG
at room temperature. Figure 2b shows photoluminescence (PL)
from the cavity mode near the target wavelength of 1250 nm.
With alower Q-factor of 1020 than the simulated value (4200), the
fabricated hole-CBG exhibits a double peak feature in the mode
spectrum, which we attribute to the structural asymmetry of the
fabricated device (Figure S2, Supporting Information).

To investigate the optical properties of coupled single QDs,
we conducted low-temperature (4 K) micro-PL measurements of
the hole-CBG using a 40 MHz pulsed 785 nm laser and a mi-
croscope objective lens (0.7 NA) in free space. Figure 2c shows
the PL spectra at high (500 nW) and low (10 nW) excitation pow-
ers. At low excitation power, the sharp transitions correspond
to the ground state emission of single QDs. At high excitation
power, the cavity emission dominates over the saturated single
QD emissions and is visible at around 1235 nm. The blueshift
of the cavity mode at low temperatures compared to that at room
temperature is due to the temperature-dependent refractive in-
dex. A significant increase in the intensity occurs in the QDs
near the cavity mode. To prove that the bright single QD peak
corresponds to single-photon emission, we performed a second-
order correlation (g?(z)) measurement using a Hanbury-Brown
and Twiss setup. The antibunching signal in the gl (r) curve is
shown in the inset of Figure 2c. We fitted the correlation curve to
two-sided exponential functions convolved with a Gaussian func-
tion that accounts for a limited detector response time of 200
ps!*! and obtained g?(0) = 0.16 + 0.02. The nonzero g?(0) is
mostly due to the spectrally superimposed broad cavity emission.
To quantify the brightness of single photons from the hole-CBG
device, we calculated the collection efficiency at the first lens (0.7
NA) by carefully calibrating the efficiency of the system ((0.64 =
0.04)%), including the detector efficiency (20%) (Figure S3, Sup-
porting Information). As the multiphoton probability of a single
QD increases with the excitation power, we separately measured
ggl (0) = 0.395 at the saturation power (P,,) and take the multi-

photon correction term /1 — ggl(O) = 0.778 into account in the
collection efficiency.®! Considering the above factors, we calcu-
lated the collection efficiency of two different QDs (QD A and
QD B) in the hole-CBG with different amounts of spectral detun-
ing (0.1 and 4 nm, respectively) and compared the values with
that of bulk QDs (Figure S4, Supporting Information). As shown
in Figure 2d, the bulk QDs exhibit an expectedly low collection
efficiency of less than 1%, whereas QD A and QD B in the hole-
CBG exhibit a significantly higher collection efficiency of 24.3%
and 30.1%, respectively. These results indicate that a large en-
hancement in the collection efficiency occurs over a wide spec-
tral range, as expected based on the simulation in Figure 2b. We
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Figure 3. Integration of a single hole-CBG device into an FC/PC fiber. a)
Schematic of the integration process between a single hole-CBG and a
single-mode fiber (SMF28) using a PDMS stamp. The inset is an optical
microscopy image (x50), which shows that the hole-CBG is aligned with
the fiber core during the transfer process. b) Optical microscopy image of
the hole-CBG transferred onto the end facet of the fiber. The inset shows a
close-up image of the fiber core illuminated by a 633 nm laser beam sent
from the opposite end of the fiber.

attribute the discrepancy between the simulated and measured
collection efficiencies at 0.7 NA to the spatial mismatch between
the QDs and the cavity mode and to the imperfections in the fab-
ricated device (Figure S5, Supporting Information). In addition,
it should be noted that the simulation only considered upward
emission from the hole-CBG; therefore, a good bottom reflector
will be required to achieve the simulated collection efficiency in
the upper half-sphere.

As well as increasing the brightness, the Purcell effect in cav-
ities affects the recombination dynamics of coupled QDs. Fig-
ure 2e shows the decay curves of cavity-coupled QDs A and B
with different levels of detuning and compares them with that
of a bulk QD. In the studied sample, bulk QDs have an average
decay time of (1.97 + 0.6) ns. Cavity resonant QD A has a rapid de-
cay time of 0.66 ns, whereas QD B, with a large spectral detuning
of 4 nm, shows a slow decay time of 3.07 ns. These results show
that brightness enhancement occurs in a broad spectrum, but
Purcell enhancement requires more restricted spectral matching
with the cavity. Figure 2f shows a statistical distribution of the de-
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Figure 4. All-fiber coupled single-photon system. a) Photograph of the fiber-QD device installed on a cold finger. b) Schematic of the all-fiber coupled
optical setup from the source to the detectors. c) Comparison of the PL spectra between the bulk QD sample measured in free space (NA = 0.7) (top)
and the single hole-CBG device integrated with a single-mode fiber (NA = 0.12) (bottom). WL denotes wetting layer emission at 970 nm. The insets are
close-up views of the QD emissions of each spectrum. d) Autocorrelation curve (g (z)) of single QD emission from the fiber-QD device. e) Intensity
plot of the single-photon count rate of the fiber—QD device against time and thermal cycles.

cay times of QDs in different hole-CBGs as a function of spectral
detuning. From the power- and polarization-dependent measure-
ments, we predominantly observed the neutral exciton states of
the QDs, including QD A and QD B in the hole-CBG. An en-
hancement in the decay rate up to four compared to the average
lifetime of bulk QDs can be observed near the cavity mode.

4. Integration of a Single Hole-CBG Device into a
Single-Mode Fiber

An important figure-of-merit for fiber-coupled quantum emitters
is the coupling efficiency of single photons over a single-mode
fiber. To demonstrate a fiber-integrated hole-CBG device, we em-
ployed a pick-and-place technique based on a polydimethylsilox-
ane (PDMS) stamp.>!l As shown in Figure 2a, the fabricated hole-
CBG device is air-suspended by thin tethers in the QD wafer. The
transparent PDMS stamp on a glass slide can easily detach a sin-
gle hole-CBG from the QD wafer and transfer it to the core of the
fiber. The process was monitored in real-time using an optical mi-
croscope, as shown in Figure 3a. To align the central axis of the
device with the core of the fiber, a red (633 nm) laser beam was
sent from the opposite end of the fiber. Figure 3b shows an opti-
cal image of the end facet of the single-mode fiber after integra-
tion of the single hole-CBG device. The hole-CBG device is firmly
attached to the fiber via van der Waals forces and well-centered
at the fiber core with high accuracy (<500 nm) (Figure S6, Sup-
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porting Information). The integrated fiber-QD device was then
mounted on an Au-coated cold finger that serves as a back reflec-
tor and thermal conductor for low-temperature measurements.
For the fiber-coupled hole-CBGs, we separately simulated a fiber-
coupling efficiency as the ratio of the power flux through the fun-
damental mode of the single-mode fiber to the total dipole power
and estimated the fiber-coupling efficiency of 53%, including the
bottom reflection (Figure S7, Supporting Information). In addi-
tion, the integration of hole-CBGs into the fiber shifts the mode
wavelength and lowers Purcell and Q factors (Figure S7, Support-
ing Information).

5. Bright and Stable Single Photons in an All-Fiber
Coupled System

Figure 4a shows a photographic image of the fiber-QD device
mounted on a cold finger for low-temperature measurements.
The use of an FC/PC-connectorized fiber enabled the fiber-QD
device to be mounted on a cold finger using conventional FC/PC
mating sleeves. After mounting the integrated fiber—-QD device
on the cryostat, the fiber inside the cryostat was connected to the
fiber outside via a fiber feedthrough installed in the cryostat lid.
We sent a 785 nm pumping laser and collected the QD emission
through the fiber using a 90:10 fiber beam splitter. To measure
single photons, we spectrally filtered out a single QD emission
using a fiber-based tunable filter (resolution = 0.01 nm) and sent

© 2022 Wiley-VCH GmbH
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single photons to a fiber-based 50:50 beam splitter followed by
fiber-coupled InGaAs single-photon detectors. A schematic of an
all-fiber coupled system from the single-photon source to the de-
tector is shown in Figure 4b. Figure 4c compares the PL spectrum
of bulk QDs measured in free space (top) with that of the hole-
CBG directly coupled to a single-mode fiber (bottom). The strong
emissions close to 970 nm correspond to a wetting layer. In free
space, the bulk QDs exhibit very weak emissions from 1200 to
1550 nm, even with a high NA = 0.7 objective lens. For the fiber—
QD device, the PL spectrum clearly reveals that the hole-CBG de-
vice efficiently out-couples the spectrally coupled QD emissions
into the single-mode fiber (0.12 NA).

Figure 4d shows a g®(z) curve of the spectrally filtered sin-
gle QD emission from the fiber-QD device. The observed g (0)
is 0.16 + 0.02 from fitting with no background subtraction. To
estimate the brightness, we excited the QD at a low repetition
rate of 2.5 MHz, which prevented saturation effects in the In-
GaAs single-photon detector, and counted a single-photon detec-
tion rate of (10.63 + 0.11) kHz at P,,,. To calculate the QD to fiber-
coupling efficiency, we separately measured the system efficiency
((4-6 + 0.3)%), including the detector efficiency (20%), and then
calibrated the multiphoton events, where gs(il (0)=0.24 at P, (Fig-
ure S3, Supporting Information). This results in a QD-to-fiber
coupling efficiency of (8.1 + 0.5)%. If we consider typical 80 MHz
pulsed excitation, this value corresponds to a single-photon rate
of 6.5 MHz at the end of the first fiber. Although the achieved
fiber-coupling efficiency of 8.1% is lower than the simulated cou-
pling efficiency of 53%, the measured single-photon coupling ef-
ficiency is a record high for fiber-integrated QD devices at tele-
com wavelengths.[*>253] The nonideal position of the QD in the
hole-CBG device, the spatial misalignment between the hole-
CBG device and fiber core, and imperfect fabrications may ex-
plain the lower experimental coupling efficiency (Figures S5 and
S6, Supporting Information). In addition, InAs/InP QDs might
have non-unit internal efficiency, even at low temperatures.[>*l
Therefore, the measured value provides a lower bound for the
possible coupling efficiency.

Finally, we investigated the long-term stability of the fiber—-QD
device. The single-photon count rates at P, of the device are
plotted against time in Figure 4e. We observed intensity fluctua-
tions within 1%, mostly originating from fluctuations in the laser
power. These stable count rates were maintained even after mul-
tiple thermal cycles. As any optical alignment is not necessary
in an all-fiber coupled single-photon system, this system ensures
long-term stability.

6. Conclusions

In this study, we have successfully demonstrated the efficient and
reliable transmission of single photons from single QDs into an
all-fiber coupled system. A hole-based diffraction cavity gener-
ates a narrow Gaussian emission that matches the small NA of
a standard single-mode fiber at telecom wavelengths. The thin
membrane structure combined with a pick-and-place technique
enables the simple and robust integration of a single QD device
into an FC/PC-connectorized fiber.

Regarding the design of hole-CBGs, we studied simple hole
arrays with fixed sizes and periodicity on a thin membrane. The
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configuration of the hole arrays could be optimized further by
adding more variations in hole size and positions. Machine learn-
ing techniques can be used to optimize such variations.>*! Intro-
ducing site-selective growth of QDsl*! and deterministic cavity
integration methodsl®’! can increase the coupling efficiency up
to the theoretical limit.

With the rapid development of quantum photonic technolo-
gies, the demand for practical quantum light sources is increas-
ing in various fields, including quantum imaging, quantum diag-
nostics, and quantum simulation using photons. Our approach
could provide practical and reliable plug-and-play quantum light
devices for all-fiber connectorized quantum information process-
ing from sources to detectors. Moreover, integrated quantum
emitters with spin states could enable the implementation of
quantum memories and repeaters in fiber networks. Therefore,
our approach can be extended to distribute quantum states and
connect quantum nodes on commercialized fiber channels.
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