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ABSTRACT: Telecom-wavelength single photons are essential
components for long-distance quantum networks. However, bright
and pure single photon sources at telecom wavelengths remain
challenging to achieve. Here, we demonstrate a bright telecom-
wavelength single photon source based on a tapered nanobeam
containing InAs/InP quantum dots. The tapered nanobeam
enables directional and Gaussian-like far-field emission of the
quantum dots. As a result, using above-band excitation we obtain
an end-to-end brightness of 4.1 + 0.1% and first-lens brightness of
27.0 + 0.1% at the ~1300 nm wavelength. Furthermore, we adopt
quasi-resonant excitation to reduce both multiphoton emission and
decoherence from unwanted charge carriers. As a result, we achieve
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a coherence time of 523 + 16 ps and postselected Hong—Ou—Mandel visibility of 0.91 + 0.09 along with a comparable first-lens
brightness of 21.0 + 0.1%. These results represent a major step toward a practical fiber-based single photon source at telecom

wavelengths for long-distance quantum networks.

KEYWORDS: single photon sources, quantum dots, telecom wavelength, two-photon interference

S ingle photons can serve as “flying qubits” to transfer
quantum information over vast distances in extended
quantum networks." Such photons must be bright and
indistinguishable,”* and efficiently couple to optical fibers to
enable efficient transmission.” Semiconductor quantum dots
have been extensively explored for these reasons, as their
quantum emission properties demonstrate the necessary
brightness and indistinguishability.”~” Furthermore, recent
studies have reported quantum dots that emit at telecom
wavelengths® ™' where photon transmission loss in optical
fibers is minimized.'® However, these single photon sources
must still efficiently couple with optical fibers in order to
construct long-distance quantum networks.

Researchers have employed various photonic nanostructures
to enhance the efficiency of single photon sources, such as
nanowires,'”*° planar photonic crystal waveguides,® and
cavities.'”*' Each nanostructure has different advantages in
terms of collecting photons from the emitter, such as by
coupling the single photons to the nanostructure’s optical
mode®'”*" or enhancing the directional far-field emission.'”*’
However, we need to improve the out-coupling efficiency of
telecom-wavelength single photons into an objective lens and
subsequent optical fiber in order to achieve single photon
sources that are suflicient for long-distance quantum networks.

Toward this aim, we demonstrate a telecom-wavelength
bright single photon source based on a tapered nanobeam. The
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InP nanobeam contains InAs quantum dots that emit single
photons at ~1300 nm (within the telecom O-band). We
designed the tapered nanobeam to shape the far-field emission
of the quantum dots to enable more efficient coupling of the
emitted photons into an objective lens/optical fiber.
Reflectivity measurements confirmed a high coupling efficiency
of 60% into the objective lens at 1300 nm. Using above-band
excitation, we obtained a first-lens brightness of 27.0 & 0.1%
and a record-high end-to-end brightness of 4.1 + 0.1%. We
further confirmed the pure single photon emission using quasi-
resonant excitation and found g?(0) = 0.077 + 0.011 at
saturation power. The quasi-resonant excitation method also
reduced the time jitter associated with carrier relaxation to the
ground state of the quantum dot, which enhanced the
coherence time to 523 =+ 16 ps. This coherence time is 3.5
times larger compared to previously reported values using the
same quantum dot wafer with above-band excitation.'” Due to
the longer coherence time, we attained a high postselected
visibility of 0.91 + 0.09 with a similar first-lens brightness of
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21.0 + 0.1%. With this combined high brightness and
postselected indistinguishability, these results take a step
forward to a feasible telecom-wavelength single photon source
for long-distance quantum networks.

Figure 1 shows a schematic of the tapered InP nanobeam

containing InAs quantum dots, which served as the single
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Figure 1. (a) Schematic of the tapered InP nanobeam containing
InAs quantum dots. The emitted single photons are collected with an
objective lens and subsequently coupled into an optical fiber. (b) Far-
field emission profile at Ly, = 10 um, b = 400 nm, and by = 150 nm.
90% of the emission falls inside the white dashed circle, which
represents the 0.66 numerical aperture of the objective lens. (c)
Scanning electron micrograph of the tapered nanobeams. The inset
shows a magnified image of the photonic crystal mirror at the
nontapered end of the nanobeam. The scale bar in the inset is 2 ym.

photon source. We designed the nanobeam so that emitted
photons would be efficiently collected by an objective lens
(numerical aperture of 0.66) and then coupled into an optical
fiber. A photonic crystal mirror was added to the nontapered
end of the nanobeam to ensure that all emitted photons moved
toward the tapered end of the device. This tapered out-coupler
spatially expands the nanobeam mode so that the single
photon emission from the nanobeam becomes more direc-
tional.”*

We confirmed this directionality using finite-difference time-
domain simulations (Lumerical FDTD solutions). Figure 1b
shows the far-field pattern of the nanobeam mode at the
linearly tapered end. We estimated the lens coupling efficiency
(M1ens) a8 a fraction of the far-field emission that falls within the
numerical aperture of 0.66 (the white dashed circle in Figure
1b). To obtain a high lens-coupling efficiency, the tapered out-
coupler should remain in the adiabatic condition to preserve
the fundamental mode of the nanobeam.”” We investigated the
taper length (Ly,.,) dependence of the lens-coupling efficiency
and found Ly, should be greater than 10 um to adiabatically
enlarge the nanobeam mode to obtain high 7, (see section 1
in the Supporting Information). At a taper length of 10 ym, we
achieved a lens coupling efficiency of 90% (Figure 1b).

Following the objective lens, the emitted photons must
efficiently couple to an optical fiber. We estimated this
coupling efficiency by calculating the overlap of the far-field
pattern of the single photon emission with a Gaussian
function.”* To do so, we fixed the taper length at 10 pm, the
height of the beam at 280 nm (i.e, the thickness of the
epitaxial layer used in experiments), the nanobeam width (b)
at 400 nm, and optimized the Gaussian overlap integral as a
function of the tip width (bg; see section 2 in the Supporting
Information). On the basis of the optimization, we used a tip
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width of 150 nm to achieve a fiber coupling efficiency (#gpe,) of
91%.

On the basis of these simulations, we fabricated the
optimized designs of the InP nanobeams containing InAs
quantum dots, which served as the single photon source. We
grew the initial InAs/InP quantum dot wafer using molecular
beam epitaxy and fabricated the tapered nanobeams with
photonic crystal mirrors using e-beam lithography, reactive ion
etching, and chemical wet etching (see section 3 in the
Supporting Information). Then we used a home-built transfer
print lithography system to suspend the nanobeams on the
edge of a silicon wafer (Figure lc; see section 3 in the
Supporting Information for optical images of the transfer
process). The suspended structure enabled us to pump the
nanobeam with light directed from the optical fiber and
objective lens down the nanobeam’s length, and then collect
the photons emitted directionally from the tip back through
the same optical components (Figure 1a).

After fabricating the nanobeam structures, we determined
their photon coupling efficiency with an objective lens. The
lens coupling efficiency can be calculated by measuring the
reflectivity of the nanobeam, which consists of the optics (e.g.,
mirrors and lenses) transmission in the system and the fiber
coupling efficiency (see section 4 in the Supporting
Information for details). Figure 2a demonstrates a typical
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Figure 2. (a) Reflectivity spectrum measured from a nanobeam. (b)
Coupling efficiency spectrum obtained from the reflectivity spectrum.

reflectivity spectrum of an individual nanobeam. On the basis
of this spectrum, we calculated the lens coupling efficiency, as
shown in Figure 2b. At ~1310 nm, we found the lens coupling
efficiency was 60%. This value is a lower bound of the lens
coupling efficiency as we assume perfect reflectance within the
photonic crystal mirror (see section 4 in the Supporting
Information). We attribute the discrepancy between this
measured value and the simulated lens coupling efliciency
(90%) to the below-unity reflectivity of the photonic crystal
mirror, scattering loss from the surface roughness of the
tapered out-coupler, and imperfect alignment of the nanobeam
to the optic axis.

We then measured the photoluminescence spectrum of the
nanobeam using above-band excitation at 780 nm as an initial
assessment of the single photon source. For this and all
subsequent measurements, we utilized a fiber-coupled photo-
luminescence measurement setup at 4 K with a Hanbury
Brown and Twiss interferometer and a Hong—Ou—Mandel
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interferometer (see section S in the Supporting Information).
Figure 3a shows a photoluminescence spectrum of a
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Figure 3. (a) Photoluminescence spectrum of a nanobeam produced
using above-band excitation. The average pump power was 2 yW.
Inset: second-order autocorrelation histogram of the strong peak at
12943 nm. (b) Pump power dependence of the count rates and
¢P(0) from the peak at 1294.3 nm. The red circles are the detected
count rates (I,) and the blue circles are the count rates corrected
with the g(z) (0) values (I,,). The blue line is a fitted curve to the I_,
data with fitting parameters of I, = 1.65 + 0.05 Mcps and P, = 0.91
HW. The black dots are measured g!?(0) values at each pump power.

nanobeam, in which we observed a strong and sharp peak at
1294.3 nm. To confirm single photon emission from the peak,
we measured its second-order autocorrelation. From the
histogram, we found clear antibunching with ¢¥(0) = 0.26
+ 0.09 (Figure 3a, inset).

We measured the pump-power dependence of the single
photon count rates and the second-order autocorrelation of the
1294.3 nm peak to estimate the brightness of the single photon
source (Figure 3b). Since the above-band excitation gives rise
to a significant amount of background emission from other
quantum dots,” we observed g?(0) > 0.2 for all pump
powers. At the pump powers of P = 0.2 yW and 0.3 yW, the
g(z) (0) values are larger than those of higher pump powers, but
they also have broader error bars as the fitting of the histogram
becomes slightly off (section 6 in the Supporting Information).
We corrected the detected count rates by multiplying by

1 —g*(0) (blue circles in Figure 3b), which excluded

unwanted background emission.”® The corrected count rates
showed a saturation behavior that we fit with a function of the

form I(P) = IO + Isat<1 - eXP(Pi))% From the ﬁt, we

found the maximum count rate to be I, = 1.65 + 0.05
Mcps (cps; counts per second) and a saturation power of P, =
0.91 uW. The end-to-end brightness is defined by dividing I,

by the repetition rate of the pumping laser (40 MHz), which
gave us an end-to-end brightness of 4.1 + 0.1%.
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On the basis of the obtained end-to-end brightness and
detection efficiency of the setup, we can estimate the fiber-
coupled brightness and first-lens brightness. The first-lens
(fiber-coupled) brightness is defined as the single photon
count rate at the first lens (collection fiber) divided by the
repetition rate of the excitation laser. By dividing the end-to-
end brightness of 4.1 + 0.1% by the 80% detection efficiency of
the single photon detectors and 54% transmission of the fiber-
type spectral filter, we obtained a fiber-coupled brightness of
9.5 + 0.1% (see section 7 in the Supporting Information for
details of the photon budget). We also achieved a first-lens
brightness of 27.0 + 0.1% by dividing the fiber-coupled
brightness by a fiber coupling efficiency (#gpe) of 61% and
optics transmission of 58%.

Although we attained this bright single photon source at
telecom wavelength using above-band excitation, the single
photon emission exhibits poor antibunching because we also
pump other quantum dots in the nanobeam, which generates
broad background emission.”® As an alternative, quasi-resonant
excitation can selectively excite an individual quantum dot,
which minimizes the generation of unwanted charge carriers
that occurs with above-band excitation.”” The higher-order
excited states of semiconductor quantum dots is typically
separated by several tens of nanometers in wavelength from the
s-shell.''® To find the wavelength for the quasi-resonant
excitation, we performed photoluminescence excitation meas-
urements using a tunable continuous-wave laser (see section 8
in the Supporting Information). With the same nanobeam we
used for the above-band excitation, we recorded the photo-
luminescence spectrum as we swept the wavelengths of the
pumping laser. From this measurement we found an excited
state of an individual quantum dot at 1269.2 nm, along with
the position of the s-shell at 1312.8 nm (Figure S8).

After determining the excited state wavelength of a quantum
dot, we performed photoluminescence measurements using
laser pulses generated by an optical parametric oscillator
pumped with a mode-locked Ti:sapphire laser operated at 76.5
MHz. By pumping with the pulsed laser at 1269.2 nm, we
obtained a photoluminescence spectrum featuring a sharp peak
at 1312.8 nm (Figure 4a). The quantum dot emission
exhibited significantly reduced background compared to the
spectrum obtained by above-band excitation (Figure 3a).

We then measured the second-order autocorrelation using
the Hanbury—Brown and Twiss setup™® to verify the pure
single photon nature of the peak at 1312.8 nm. Figure 4b
shows the autocorrelation histogram at a pump power of P =
2.0 yW. To model the measured histogram, we fit the data
using multiple two-sided exponentially decaying functions
convolved with a Gaussian function representing a single
photon detector response of 140 ps. For the first five time-
delayed pulses, g®(t) reaches values significantly larger than 1,
which indicates a blinking effect due to a metastable quantum
dot state.”” To normalize the plot, we divided the histogram
counts by the mean peak height at time delays greater than 100
ns, where the blinking effect is averaged out and the photon
statistics become Poissonian.”” Similarly, by dividing the center
peak area by the mean peak area at greater than 100 ns, we
obtained a single photon purity of g®(0) = 0.077 + 0.011. We
attribute this low g®(0) value to the quasi-resonant excitation
preventing other quantum dots in the nanobeam from being
pumped, thereby reducing the background emission.

To determine the different brightness characteristics of the
source, we measured the pump-power dependence of the
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Figure 4. (a) Photoluminescence spectrum of the nanobeam using
pulsed quasi-resonant excitation at 1269.2 nm (the same nanobeam
previously used for above-band excitation measurements). Inset:
zoomed in view of a peak at 1312.8 nm. The peak has a spectrometer-
limited line width of 0.055 nm. (b) Second-order autocorrelation
histogram of the peak at 1312.8 nm (black dots). The red curve is a
fitted curve with two-sided exponentially decaying functions. (c)
Pump-power dependence of the single photon count rates and g(z) (0).
The red circles are the detected count rates (I ) and the blue circles
are the count rates corrected with the gm(O) values (I,,). The blue
line is a fitted curve to thel ., data with fitting parameters of I, =
1.32 + 0.03 Mcps and P, = 0.72 yW. The black squares are the
measured g(z)(O) values.

single photon count rates and the second-order autocorrelation
(Figure 4c). As in the above-band pumping measurements, we
corrected the detected single photon count rates using the
g(z)(O) values and fit the corrected count rates to obtain a
saturation count rate of 1.32 + 0.03 Mcps and a saturation
power of Py, = 0.72 yW. Considering the detection efficiency
of the detectors and the transmission of the components, we
found a first-lens brightness of 21.0 & 0.2% (see section 9 in
the Supporting Information). The discrepancy between this
value and the first-lens brightness from the above-band
excitation may derive from the different internal quantum
efficiencies of the two quantum dots probed by the respective
excitation schemes (see section 10 in the Supporting
Information). We also measured the g(z)(O) values at different
pump powers to confirm whether we can obtain pure single
photons at high count rates (black squares in Figure 4c)). The
¢?(0) values remain below 0.1 until the saturation of the
quantum dot, which suggest that the quasi-resonant excitation
effectively suppresses the background emission.

To measure the indistinguishability of the single photons
under quasi-resonant excitation, we conducted two-photon
interference measurements using two unbalanced Mach—
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Zehnder interferometers at both the excitation and collection
paths (see section S in the Supporting Information). The
unbalanced interferometer at the excitation path splits the
pumping pulse into two separate pulses with a time delay (At)
of 2.61 ns, which excite the quantum dot and generate two
single photons with the same time delay. By coupling these
single photons into the second unbalanced interferometer, they
meet at the fiber beam splitter and interfere with each other,
which allowed us to determine the single photon indistinguish-
ability (for more details see section S in the Supporting
Information).

Figure Sa shows the two-photon interference measurement,
in which the interfering photons generated from the quasi-

Coincidence Counts

Coincidence Counts

Time (ns)

Figure S. (a) Two-photon interference histogram at P, = 0.72 yW
(red dots) with parallel-polarized input photons. The red curve is the
fitted curve of the histogram. The red dashed line is the fitted curve of
the center peak. (b) Two-photon interference histogram at Py, = 0.72
uW (blue dots) with orthogonally polarized input photons. The blue
curve is the fitted curve of the histogram, and the blue dashed line is
the fitted curve of the center peak.

resonant excitation at Py, = 0.72 yW demonstrate parallel
(same) polarization (see section S of the Supporting
Information). The center peak corresponds to the case in
which the two single photons meet at the fiber beam splitter,
and the side peaks originate from cases when one photon
arrives at the beam splitter earlier than the second photon by
the time delay At = 2.61 ns. For an ideal source of
indistinguishable photons, the peak at the zero-time delay
should disappear due to the two-photon interference.’” In real
experiments, the center peak appears but has a dip indicating
that the coherence time is significantly shorter than the
radiative lifetime.’

We analyzed the histogram by fitting the center peak to the

function f(7) = exp(—lril) - wexp(—%), where 7, is the

spontaneous emission lifetime, 7, is the coherence time of the
quantum dot, and v is a visibility fitting parameter.”* We fit the
side peaks with two-sided exponentially decaying functions. All
the peaks were convolved with a Gaussian function
representing the instrumental response. From the fitting
parameters of the center peak (red line in Figure Sa), we
obtained a coherence time of 7. = 523 + 16 ps. Additionally,
we observed a spontaneous emission lifetime of 7, = 1.67 +
0.02 ns. Note that quasi-resonant excitation improves the
coherence time by more than 3-fold compared to the same
quantum dot wafer excited by above-band laser.'” The
coherence time is limited by a few mechanisms, such as time
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jitter induced by nonradiative decay to the ground state
exciton or charge noise caused by trapped charges around the
quantum dots.”’

We determined the indistinguishability of the single photons
from the two-photon interference visibility, which is defined as
v A

, where A| (A) is the center peak area of the two-

photon interference histogram measured with input photons
polarized in the orthogonal (parallel) configuration. We
selected this definition® over another common definition

24 .
V=1-- +°A 3% where A, (A, A,) is the area of the center
1 r

peak (the left peak, the right peak from the center,
respectively), because the definition we used is less sensitive
to the asymmetry of the side peaks. Figure 5b shows the two-
photon interference histogram using photons in orthogonal
polarization. The asymmetry of the side peaks in Figure Sb
comes from a slight difference in the pumping pulse
amplitudes and detector efficiencies.”* On the basis of these
results and the results in Figure Sa, we calculated a visibility of
0.20 + 0.04, which is consistent with the ratio of the lifetime to

the coherence time zi = 0.16 + 0.01.>°> Meanwhile, the

postselected interference visibility of the single photons in
g7(0) - 7(0)

the coherence time 7, defined as V=
P RO

ywas Vi, =

0.91 = 0.09.

The brightness and indistinguishability of telecom-wave-
length single photon sources are key metrics for application in
long-distance quantum networks. In both of these values, we
demonstrate improvements from previous telecom-wavelength
single photon sources. By employing the tapered nanobeam
structure, our device shows an end-to-end brightness of 4.1 +
0.1%, which is an order of magnitude higher compared to
previous works showing less than 1%.'°~'7 The first-lens
brightness of 27.0 & 0.1% is also significantly larger than most
previous devices, except our earlier result demonstrating a first-
lens brightness of 36% using photonic crystal cavities.'”
However, compared to ref 17, which reported a g»(0) of
close to 0.5, this work achieved a significantly improved single
photon purity and coherence time by utilizing quasi-resonant
excitation. To our knowledge, the coherence time of 523 + 16
ps that we observed is 2.5 times better than the best value™® of
reported telecom-wavelength single photon sources.

In summary, we have demonstrated a bright single photon
source at telecom wavelengths based on a tapered InP
nanobeam containing InAs quantum dots. We achieved a
first-lens brightness of 27.0 + 0.1% using above-band
excitation, and g(z)(O) < 0.1 and a coherence time of 523 +
16 ps using quasi-resonant excitation. Resonant pulsed
excitation could further improve the indistinguishability by
eliminating the time-jitter during the relaxation process and
unwanted excess charges around the quantum dot.’”’' We
could further improve the indistinguishability of the single
photons by coupling them to a cavity to enhance the
spontaneous emission rate,””*® which would also increase
the brightness of the single photon source by increasing the
spontaneous emission coupling efficiency.’” Another approach
to elevate the brightness more would be to employ direct
adiabatic fiber coupling techniques.”” These results present a
promising direction to achieve bright and indistinguishable
telecom-wavelength photons, which could serve as essential
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components for scalable quantum networks*' and photonic
quantum computers.42
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