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ABSTRACT: Single-photon sources and detectors are indispensable
building blocks for integrated quantum photonics, a research field that is
seeing ever increasing interest for numerous applications. In this work,
we implemented essential components for a quantum key distribution
transceiver on a single photonic chip. Plasmonic antennas on top of
silicon nitride waveguides provide Purcell enhancement with a
concurrent increase of the count rate, speeding up the microsecond
radiative lifetime of IR-emitting colloidal PbS/CdS quantum dots
(QDs). The use of low-fluorescence silicon nitride, with a waveguide
loss smaller than 1 dB/cm, made it possible to implement high
extinction ratio optical filters and low insertion loss spectrometers. Waveguide-coupled superconducting nanowire single-
photon detectors allow for low time-jitter single-photon detection. To showcase the performance of the components, we
demonstrate on-chip lifetime spectroscopy of PbS/CdS QDs. The method developed in this paper is predicted to scale down to
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single QDs, and newly developed emitters can be readily integrated on the chip-based platform.
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hybrid integrated photonics

Most applications of single-photon sources in quantum
optical technology have very stringent requirements on
single-photon properties such as purity and indistinguish-
ability." Therefore, for a long time, the most commonly used
single-photon sources were based on spontaneous parametric
down-conversion, which offers pure and indistinguishable
heralded single-photon emission, but is probabilistic in nature.”
Recently, epitaxial quantum dots (QDs) have reached a high
maturity level as deterministic single-photon emitters,’
enabling applications in several quantum photonic technolo-
gies.4_

The unrivaled performance of SNSPDs in terms of system
detection efficiency, dark count rate, and temporal resolu-
tion’~” has made them indispensable for many quantum optics
experiments. In addition, superconducting nanowire single-
photon detectors (SNSPDs) can be integrated with different
photonic platforms while maintaining a small footprint.'~"?
Progress has been made in integrating epitaxial QDs with
SNSPDs on the same chip,'* but the rather large waveguide
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loss is a main hindrance to the development of more complex
photonic circuits. Hybrid integration approaches with epitaxial
QDs">™"” make use of the low waveguide loss of silicon
photonics to be compliant with the requirements of quantum
optics protocols.

Among other promising single photon emitters,' colloidal
QDs are especially interesting due to recent improvements of
their single-photon emission purity and stability,”*~** while
solution processing allows for a flexible integration.”” By
looking at the current performance metrics, only the
application with the lowest requirements on single-photon
purity and indistinguishably, quantum key distribution
(QKD)" seems to be within reach. The original BB84 QKD
protocol requires single-photon sources in its security proof.”*
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Figure 1. Silicon nitride photonic chip consists of areas with colloidal QD emitters and plasmonic antennas (I), filters for pump rejection (II), a
PCG spectrometer (III) of which four channels are connected to waveguide-coupled SNSPD detectors (IV). All components are connected by
waveguides which are surrounded by metal strips to suppress stray light coupling (V). The false-color SEM picture (I) shows a SiN waveguide with
a plasmonic bowtie antenna and a patch of colloidal QDs patterned on top of it. To suppress the 700 nm pump laser, sidewall corrugated
waveguide gratings (II) were implemented. The QD emission was detected by U-shaped superconducting detectors placed underneath the SiN
waveguides (IV). For measurements with SNSPDs, the chip was cooled down in a helium bath cryostat to a temperature of 4.2 K.

However, modern decoy state protocols are also provably
secure using attenuated lasers as sources, although at the cost
of reduced key generation rate.”>~”” QD single-photon
emitters reaching the maximum average photon number per
pulse of (n) = 1 may outperform laser sources and have been
employed for long-range QKD.*® A chip-level implementation
of QKD has been achieved with integrated lasers,” but
remains elusive for true single-photon emitters. Key properties,
to be competitive with state-of-the-art decoy state protocols,””
are a fast source in the GHz range at a telecom wavelength,
where optical fiber losses are minimal, and a narrow emission
line width to enable wavelength division multiplexing (WDM)
and thus further enhance the key generation rate. Also, low-
loss photonic waveguides, filters, and spectrometers that retain
a high average photon number (n) during the encoding and
highly efficient single-photon detectors for telecom wave-
lengths are essential, as well as a low detector dark count rate
to minimize the QKD error rate.

In this work, we present a silicon nitride photonic platform
that implements several of those components, as shown in
Figure 1. A single chip contains colloidal QD emitters placed in
the gap of plasmonic antennas that were fabricated on top of
silicon nitride waveguides (I), sidewall corrugated grating
filters for pump rejection (II), and a planar concave grating
(PCG) spectrometer (III) of which four channels are
connected to waveguide-coupled SNSPDs (IV). All compo-
nents were connected by low-loss photonic waveguides
surrounded by metal strips to suppress stray light coupling (V).

Purcell Enhancement with Plasmonic antennas. For
QKD fast sources are required, therefore a short radiative
lifetime of QD emitters is crucial to be competitive compared
to state-of-the-art implementations with attenuated pulsed
lasers. Purcell enhancement of emitters placed in dielectric
cavities or in the high local density of states (LDOS) field of
plasmonic antennas is a common way to reduce the radiative
lifetime without the need for engineering the emitter
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itself.’* "> Here, we used the widely studied plasmonic gap
antenna in a bowtie shape® (30 nm evaporated gold and a gap
width of 25 nm) to improve the microsecond radiative lifetime
of IR-emitting colloidal PbS/CdS QDs, coupling the emission
directly to silicon nitride waveguides and measuring the
photoluminescence (PL) decay trace with SNSPDs located on
the same chip. For reference measurements, we also fabricated
isolated pillars of QDs on the same waveguides.

The effect of a plasmonic antenna on an emitter is most
conveniently expressed in terms of LDOS and commonly
referred to as Purcell enhancement. Due to the metal losses of
the antenna, there is a nonradiative contribution in addition to
the radiative local density of states (LRDOS), leading to a
nonradiative and radiative part of the PL decay rate:*”

Vit = Yo T yo‘r(LDOS — LRDOS) + %,,LRDOS (1)
where ;. and y,, are the nonradiative and radiative decay rate
of the emitter in absence of the antenna. We therefore first
simulated the decay rate of a classical dipole emitter with a
displacement vector d in the direction of the antenna axis using
a commercial finite difference time domain (FDTD) solver
(Lumerical) and extracted LDOS and LRDOS, normalizing
the values to a homogeneous background medium in the
absence of the antenna. For the LRDOS map in Figure 2a, the
in-plane position of the dipole emitter was swept, and the
values were recorded for the center wavelength of the PbS/
CdS QD emission at 4 = 1150 nm. The false-color SEM
picture of a fabricated structure in Figure 2b shows a small
pillar of QDs deterministically positioned in the gap of the
antenna. The simulated LDOS() for a dipole emitter in the
center of the gap in Figure 2d shows a broad antenna
resonance that matches the PbS/CdS QD PL emission
spectrum in Figure 2c. The fraction of LRDOS(1)/LDOS(1)
gives an antenna efficiency >70% for most of the QD emission
spectrum, and the respective map for the center wavelength
can be found in the Supporting Information Figure S6a. Figure
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Figure 2. Map of the LRDOS in (a) results from FDTD simulation of
a dipole emitter with displacement vector d. The SEM micrograph of
the fabricated bowtie antenna with a small patch of PbS/CdS QDs
deterministically positioned in the antenna gap (b) was colored to
highlight the different materials. (c) Spectrum of the excitation laser
and the QD PL emission at 4.2 K. (d) Comparison of the simulated
LDOS for an emitter in the center of the antenna gap and the LRDOS
for an empty antenna as well as for an antenna with a QD pillar placed
in the gap.

2d also shows a reduction and red-shift of the LRDOS(4),
when including the pillar of QDs in the simulation with
refractive index data from ellipsometry measurements. Taking
this into account and sweeping the position of the dipole
emitter within the volume of the QD pillar gave an average
LRDOS of 150. A slight misalignment of the QD pillar 20 nm
off the antenna center perpendicular to the dipole moment, as
can be observed in Figure 2b reduces this value to 100, for a
larger misalignment of 50 nm the enhancement factor drops to
6. The antenna also has a small resonance at the pump laser
wavelength of 700 nm, which can be seen from the
polarization-dependent excitation enhancement maps dis-
played in the Supporting Information Figure S6. We confirmed
the validity of the FDTD simulations by matching simulated
and measured transmission spectra of an array of antennas on a
glass sample (see Supporting Information Figure SS).
Fabrication details and specifics of the simulation methodology
can be found in the Supporting Information Sections S1 and
S4.

The on-chip measurements were performed in a liquid
helium bath cryostat (4.2 K base temperature), and we used a
700 nm diode laser that was controlled by a home-built driver,
producing 3 ns long pulses at a repetition rate of f,,, = 48 kHz.
A quartz window at the top of the dip-stick allowed for optical
access to image and localize areas of interest, and a microscope
objective (NA = 0.8) was used to form an excitation spot
measuring ~1 pm® The power focused on this diffraction
limited spot on top of the waveguide was measured outside the
cryostat, and the polarization orientation was controlled to be
perpendicular to the antenna dipole axis in order to reduce the
scattering of the pump laser. Time correlated single-photon
counting (TCSPC) electronics (Picoquant Picoharp 300) were
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used to record the PL decay traces, receiving the “start” event
from the laser and “stop” event from the SNSPDs driver.
Figure 3a displays a typical PL decay trace obtained after time-
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Figure 3. (a) PL decay trace recorded for QDs placed in the antenna
gap using an excitation power of P, = 800 nW. (b) Excitation power
dependence of the mean lifetime extracted from a stretched
exponential fit. (c) Power dependence of the pulsed and CW
contribution of the QD emission. The shaded areas show the 1 — ¢
confidence intervals from the fit displayed as a dashed line.

binning of the TCSPC data from QDs placed in an antenna
gap. The response of the PbS/CdS QDs can clearly be
separated from the residual pump laser pulse, however, there
also is a considerable continuous wave (CW) background.
Detector dark counts only contribute 150 cps to the
background, the remainder has to originate either from the
pump laser or the QDs. From the instrument response
recorded on an empty antenna (see Supporting Information
Section S6) we extracted that 80% of all laser counts should be
CW and therefore assign the remainder of the background
counts to the QDs. Using this reasoning, we estimate, by
integrating the counts in Figure 3a, that for a typical count rate
of 24 keps recorded with the SNSPD, 8% are residual counts
from the pump laser, 1% are dark counts, 25% are from the
QD pulse, and 66% are CW counts from the QDs. For varying
pump power, the extracted count rates for the pulsed and CW
contribution of the QD emission are displayed in Figure 3c.
While the CW part shows a linear increase with the excitation
power, the pulsed contribution saturates as a result of fast
Auger recombination, suppressing any emission from multi-
exciton states. Fitting the count rate from pulsed emission to
the expected behavior for QDs emitting from a single-exciton
state yields an average number of excitations per QD in the
antenna gap (n),, = 0.84 + 0.07, for a pump power of P, =
800 nW. This is in agreement with a value of (n) ~ 1.25
estimated from the QD absorption cross-section and the
photon flux at the pump wavelength in the Supporting
Information Section S7, where losses induced by the objective
lens focusing the laser on the sample were neglected. From the
pulsed count rate of c,,, = 6 keps, it is possible to estimate the
average quantum yield @,,, of nqp QDs in the antenna gap to
be

Cant

nqp < h >3ntﬂant 577ant

q?mt =
Fy @
taking into account the waveguide coupling efficiency S,,, the
waveguide transmission &, and the SNSPD detection efficiency
Mant:
From the size of the QD pillars and the packing density, we

were able to estimate the number of excited QDs to be nqp =
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200 =+ 50 (see Supporting Information Section SS). Presuming
that spherical PbS/CdS QDs show isotropic emission from
their three-fold degenerate bright exciton state’ in a
homogeneous environment, we argue that the high LRDOS
in the antenna gap will force an emission polarization along the
antenna dipole axis d. FDTD simulations of the coupling to the
transverse electric (TE) waveguide mode (see Supporting
Information Section S8) predict a nearly constant coupling
efficiency of f3,,, = 0.12 within the volume of the QD pillar. For
the waveguide transmission, we measured & = 0.9 for the 1 cm
long waveguide connecting the antenna to the SNSPD, which
has a detection efficiency of #,,, = 0.9 + 0.1 for the TE
waveguide mode (see Supporting Information Section S2).
Using these values, we arrive at a quantum yield of ¢, = 0.8 +
0.3% for QDs in the antenna gap, which includes the metal
losses from the antenna. We then used the same parameters to
estimate the average number of excitations per QD due to the
CW content of the pump laser and find an upper limit (n)¢cy <
0.01 based on the observed CW count rate from the QDs
under the assumption that an excitation lasts 1 us on average.
It can therefore be assured that the CW content of the laser
does not unduly distort the extracted PL lifetimes.

In Figure 4d,e, we compare the PL decay traces collected
from an isolated pillar of QDs with QDs placed in the gap of
an antenna on top of the same silicon nitride waveguide,
assuring that a different detector behavior would not impede
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Figure 4. PL lifetime from different freestanding pillars of PbS/CdS
QDs (a) and PbS/CdS QDs placed in the gap of plasmonic bowtie
antennas (b) extracted from measurements with different SNSPDs.
The quantum efficiency with an antenna ¢,, normalized to an
isolated pillar ¢y in (c) corresponds to the lifetime measurements
above. The dashed lines and shaded areas show the respective mean
value and standard deviation, and the displayed error bars are the 1 —
o confidence intervals from the fit. The PL decay traces in (d) and (e)
were normalized after subtraction of the background, and the
experimental data are overlaid with fitted stretched exponential
functions. The circled data points in (a) and (b) were extracted from
the respective decay traces in (d) and (e).
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the results. The data were normalized and fitted with a
stretched exponential

£\
o(t) = ae_(i) (3)
after subtraction of the background. This accounts for a
distribution of decay times for { < 1 and turns into an
exponential decay expected for a single-exciton emission at { =
1. To judge the effect of the plasmonic antennas on the QD PL
lifetime, we then extracted the mean lifetime 7 from the fitted
parameters according to

L
¢ \¢ (4)

using the gamma function I'. Averaging the values for 14
different QD pillars collected with different SNSPDs, we
obtained an expectation value for the mean lifetime from the
QDs on a waveguide (7,) = 138 + 27 ns (Figure 4a) and (7,,,)
= 30 + 9 ns for QDs in the antenna gaps (Figure 4b). To
minimize the effect of unintended excitation through scattered
laser light, individual antennas and isolated pillars were
separated by 20 pm on the waveguides. Figure 3b shows
further that the measured lifetime does not depend on the
excitation power, however there is a variation resulting from
the fitting procedure.

FDTD simulations showed that for the chosen polarization
direction of the laser perpendicular to the antenna dipole (see
Supporting Information Figure S6), the excitation enhance-
ment of the antennas is negligible. For isolated QD pillars, the
polarization control of the pump laser was removed, leading to
an increased excitation power P, ~ 2P, which results in an
average excitation number per QD (n), ~ 1. Due to isotropic
emission in absence of the antenna the coupling efliciency

reduces to ff, = %(ﬂTE + ﬂTM) with average values of By =

By = 0.11 obtained from FDTD simulations (see Supporting
Information Section S8). Since the isolated pillar of QDs
equally couples to the TE and TM mode of the waveguide, the
SNSPD detection efficiency further reduces to

1 . .
M, = E(”TE + 17TM) = 0.8 +£ 0.1. Comparing QDs in an

antenna gap and isolated pillars on the same waveguide, the
change in quantum yield can be estimated as

q?\nt _ Cant( n >0:B 07]0

¢0 C0<n>ant amnant

©)

where ¢ is the pulsed count rate from an isolated QD pillar.
The values reported in Figure 4c were corrected for the
antenna absorption in case of multiple antennas on a single
waveguide and correspond to the lifetimes at the same position
in Figure 4b. For most antennas, a short lifetime corresponds
to a large enhancement of the quantum yield. Averaging over
the reported data set, we calculate (/o) = 9.5 + 4.5, where
the observed variation can be attributed to a misalignment of
the QD pillar with respect to the antenna gap during the
fabrication process. As a figure of merit for the antenna
performance, we finally calculate the radiative part of the
LDOS:

LRDOS = 2
Tt Py (6)
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Figure 5. On-chip lifetime spectroscopy of PbS/CdS QDs. The lifetime values in (a) were extracted using a stretched exponential fit of the PL
decay traces measured with SNSPDs connected to the respective spectrometer channels. The emission spectrum of an embedded layer of PbS/CdS
QD at 4.2 K (b) matches the measured spectrometer channel transmissions in (c). The SEM micrograph in (d) shows the PCG spectrometer with
a colored overlay visualizing the propagation of light from the input to the output arms. The PL decay traces in (f) were normalized after
subtraction of the background, and the experimental data are overlaid with fitted stretched exponential functions. The excitation position
dependence of the lifetime in (f) was measured without the PCG using a single SNSPD.

and obtain a mean value of (LRDOS) = 44 + 26 and a
maximum of 200 + 50, which is in good agreement with the
results from FDTD simulations presented above.

To understand the multiexponential decay from pillars of
PbS/CdS QDs at cryogenic temperatures, we performed
additional lifetime measurements of the same QD sample at
room temperature in solution and for a 1 um-thick drop-cast
film. The results are reported in Figure 4d,e, and it can be
clearly seen that for the sample in solution with a quantum
yield of 8.5%, the decay is nearly single exponential. The fitting
procedure yields { = 0.97 + 0.02 and a lifetime of 7,,; = 1260 +
50 ns, which is in line with PL lifetimes reported for similar
QDs.*° For the thin film at room temperature, the lifetime
drops to Tpp = 90 + S ns accompanied by a reduction of the
quantum yield to 2.5%. We hypothesize that is the result of a
QD sample consisting of many dark dots and a subset of bright
dots with a quantum yield close to 100%. While in solution the
dots are sufliciently separated to suppress interaction, in thin
films, the energy transfer between adjacent QDs will lead to
the observed multiexponential decay by introducing additional
nonradiative decay channels for dots which are bright in
solution. The extensive processing of the QDs measured with
the photonic chip at cryogenic temperatures might further
reduce the fraction of bright dots, leading to an even lower
average quantum yield of (¢y) = 0.05 + 0.03% for isolated QD
pillars on a waveguide.

The maximum LRDOS of 200 + 50 measured on this
integration platform shows its potential to reduce the lifetime
of individual IR emitters; however, the different count rate
contributions are essential for targeting quantum applications.
Based on the analysis above, we estimate that using the
antenna, 91% of the total counts on the detector were from the
QDs, 7% from residual pump laser transmission through the
waveguide, and 1% from differently scattered laser light, while
1% were dark counts. This suggests that the current corrugated
sidewall grating filter with a pump suppression of 40 dB (see
Supporting Information Section S10) should be further
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improved to reach the limit of what is possible on a single
chip.37 We also estimated a quantum vyield of ¢, = 0.8 + 0.3%
for a pillar consisting of nqp = 200 = 50 PbS/CdS QDs,
accurately placed in the gap of a plasmonic antenna. Due to the
low index contrast of the SiN waveguides and the SiO,
cladding material, the coupling of the QD emission to the
waveguide mode is only 12%, a value that could be readily
increased by adding DBR mirrors, incorporating the QDs
inside the waveguide,” and partially removing the cladding
material.”® This means that by using brighter emitters and
minor changes in the design, the integration platform
presented here should allow to scale down to one emitter
per antenna and thereby achieve single-photon emission. It can
also be expected to obtain improved emission enhancement for
ideally placed individual QDs. There has been some recent
progress on single-photon emission from colloidal QDs
emitting in the visible,”*” but improved emitters in the IR
suitable for QKD with narrower line width and faster initial
radiative decay have yet to become available.

On-Chip Lifetime Spectroscopy. WDM can increase the
key generation rate for QKD, and it is already widely used for
conventional optical telecommunication. To multiplex and
demultiplex the signal from several sources to a single
transmission channel and back to several detectors, arrayed
waveguide gratings (AWG) are the photonic component of
choice. AWGs allow for a narrow channel spacing while
keeping the device footprint small and have been successfully
integrated with SNSPDs.”” An alternative component is a
planar concave grating (PCG), which can perform better in
terms of cross-talk between the channels, but typically has a
larger footprint for a small channel spacing.40 However, the
ensemble PL spectrum of the PbS/CdS QDs we used for this
work was very broad (see Figure Sb), so we opted for a PCG
spectrometer to perform a wavelength-resolved on-chip PL
lifetime characterization of the emitters instead. The
spectrometer shown in Figure 5d was designed to have four
channels connected to SNSPDs, which was the maximum
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number of detectors we were able to connect electrically in a
single cool-down. The additional two channels of the PCG
allowed for a passive characterization of the fabricated devices
at room temperature prior to the measurements at cryogenic
temperatures (see Supporting Information Section $9).
Transmission measurements in Figure Sc show an insertion
loss as low as 1.5 dB and a cross-talk below —20 dB for all
channels, confirming the suitability of the silicon nitride passive
photonic components for quantum applications.

To obtain enough signal for the wavelength resolved
measurements, the number of QDs was increased by covering
a 100 pm long section of the waveguide with multiple layers of
QDs. Measuring with a single SNSPD connected to the
waveguide, we observed a saturation of the extracted lifetime
with respect to the excitation position shown in Figure 5f,
indicating some influence of self-absorption on the measure-
ment. For the preferred excitation position giving a maximum
count rate on the detector, an average lifetime of 7 = 200 + 5
ns was obtained. Using the spectrometer and four different
SNSPDs, the mean lifetime values in Figure Sa were extracted
from the PL decay traces in Figure Se, and a clear increase of
the mean lifetime with increasing wavelength was observed.
This observation is in contrast with the behavior in solution at
room temperature,’® but a very similar spectral dependence of
the PL lifetime of PbS/CdS QD thin films has been observed
at cryogenic temperatures.”' Again, the correlation between
longer emission wavelengths and longer lifetimes could reflect
the influence of energy transfer on the emission of QDs in a
close-packed thin film. To also collect a valid intensity
spectrum of the QDs with the on-chip PCG, it would be
necessary to calibrate for different detector efficiencies (see
Supporting Information Section S2) prior to any measure-
ments, which was not possible due to the limitations of the
setup.

In summary, we developed a method to reliably integrate
and test several components required for QKD at cryogenic
temperatures, showing their combined operation on-chip.
These are SNSPDs, plasmonic antennas to enhance the
emission of IR-emitting colloidal PbS/CdS QDs, and high-
quality silicon nitride passive photonic components. Using
these components, we performed on-chip lifetime spectrosco-
py of PbS/CdS QDs at cryogenic temperatures and further
demonstrated a maximum radiative local density of states
(LRDOS) enhancement of 200 + SO for QDs deterministically
placed in the antenna gap. The e-beam fabricated waveguides
had a transmission loss below 1 dB/cm, and the insertion loss
of the spectrometer was 1.5 dB. The pump filter, achieving a
suppression of —40 dB, had an insertion loss below 1 dB.
However, to realize a complete transceiver chip, further active
photonic components are necessary to encode information
either using path- or time-bin encoding. Nanophotonic Pockels
modulators*” can achieve this functionality on a silicon nitride
photonic platform. In addition, more suitable emitters than the
colloidal PbS/CdS QDs in the current implementation,
crucially with a higher ensemble PL quantum yield that
would allow to work with individual single-photon emitters, are
necessary to be competitive with current on-chip implementa-
tions using attenuated lasers.”” Importantly, the chip-based
platform presented in this paper is flexible to changes, and
newly developed solution-processed emitters can be readily
integrated.
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