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Near-infrared single photon sources in telecommunication bands, especially at 1550 nm, are required for long-distance
quantum communication. Here a down-conversion quantum interface is implemented, where the single photons emitted
from single InAs quantum dot at 864 nm is down converted to 1552 nm by using a fiber-coupled periodically poled lithium
niobate (PPLN) waveguide and a 1.95 umm pump laser, and the frequency conversion efficiency is ~ 40%. The single-
photon purity of quantum dot emission is preserved during the down-conversion process, i.e., g(2> (0), only 0.22 at 1552 nm.
This present technique advances the I1I-V semiconductor quantum dots as a promising platform for long-distance quantum

communication.
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1. Introduction

Long-distance quantum communication!!! has become
increasingly important, which is essential for the improve-
ment of many quantum technologies, such as quantum key
distribution!?! and quantum internet.3! Single photon sources
with near-infrared wavelength at telecommunication bands is
vital for efficient optical fiber communication. However,
traditional single layer InAs/GaAs quantum dots (QDs) emit
single photons with wavelengths of 850-1000 nm,! which
is hard to extend their wavelength to the telecommunication
band, especially to 1550 nm. Although InAs/InP QDs can
emit single photons in a 1550 nm wavelength range, it is dif-
ficult to combine them with a high-Q distributed Bragg re-
flector (DBR) cavity to realize high brightness single photon
sources. %71 This optical frequency mismatch can be filled by
a frequency conversion process/®! while preserving the pho-
tons” quantum state.!”] The optical quantum frequency conver-
sion (QFC) has been performed using second-order nonlinear-
ity with a periodically poled lithium niobate (PPLN) crystal, in
which a photon of telecom wavelength was up-converted to a
visible one.!!%! This method can be used for efficient detection
of photons in telecommunication bands.!'!! On the other hand,
quantum interfaces for frequency down-conversion from visi-
ble to telecommunication band have also been reported.[!>~14]

In this letter, we implement a down-conversion quan-
tum interface, where the single photons emitted from single
InAs/GaAs quantum dot at 864 nm are down converted to
1552 nm by using a fiber-coupled PPLN waveguide and a
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1.95 pm pump laser. The single-photon purity of the quantum
dot emission is preserved during the down-conversion process.

2. Experimental methods

Single layer GaAs-based InAs QDs have demonstrated
high-intensity single-photon emission in wavelength at 900—
1000 nm.
applications,!!>! single photon emission around 860 nm is nec-

Furthermore, for some quantum memory
essary. Such short wavelength single photon sources can be re-
alized by AlGaInAs QDs!!%!7! which is a quaternary material
and hard to control its component during growth. In this letter,
InAs QDs with emission wavelength around 860 nm are real-
ized on a GaAs/Aly3GaAs layer. Due to the strong Al bond
strength, the surface migration of In atom is reduced, which
results in smaller dots and short emission wavelengths.!”!
The samples were grown by solid source molecular beam
epitaxy (MBE, VEECO Gen930 system) on semi-insulating
(001) GaAs substrates. The structure of the test sample is
shown in Fig. 1(a). After a 500 nm thick GaAs buffer layer
growth at 580 °C, 20 nm Aly3GaAs was grown to decrease
the migration length of the In atom. A thin layer of GaAs
about 2 nm was introduced between the InAs and Al 3GaAs.
The traditional subcritical indium deposition technique!'®!°]
cannot be used here. So we take the method of a gradi-
ent indium flux on the static substrate>’! and fix the growth
condition of InAs (growth temperature: 540 °C, growth rate:
0.005 ml/s,indium deposition: 2.00 ml). The structure above

QDs is symmetrical with the below.
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Fig. 1. (color online) Schematic structures of (a) the test sample and (b) the sample of QDs in a DBR cavity.

3. Results and discussion
3.1. uPL of short wavelength InAs quantum dot

Figure 2 shows the micro-photoluminescence (uPL)
spectrum of the test sample at 77 K, where the wavelength
covers a wide range of approximately 860-920 nm. More-
over, the wetting-layer emission of this test sample is located
at ~ 845 nm, which blue-shifts around 25 nm compared to that
of the conventional InAs/GaAs QDs.[!8] To enhance QD emis-
sion, we integrate the QDs into the DBR cavity.[>!! As shown
in Fig. 1(b), the structure consists of a DBR with 24 periods
of A/4 AlypoGap 1 As/GaAs as the bottom mirror, a 14 thick
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Fig. 2. uPL spectra of test sample at 77 K.

cavity in the center, and 4 periods Alg 9Gag | As/GaAs DBR as
the top mirror. The structure of the test sample (Fig. 1(a)) is
inserted at the center of the 1A planar cavity.

Figure 3 shows the experimental setup used for the gener-
ation and frequency conversion of single photons from a sin-
gle InAs QD. One part of it consists of a confocal microscope
setup for the collection light and investigation of the QD sam-
ple. This setup is combined with the frequency conversion
stage including the PPLN crystal and a spectral filtering stage,
which constitutes the second part of the setup.

3.2. Quantum frequency down-conversion

The quantum theory of frequency conversion using
a second-order nonlinear optical interaction is shown in
Ref. [12]. When the pump light at angular frequency @, is
sufficiently strong, the quantum dynamics of a signal mode
at angular frequency ws and a converted mode at angular fre-
quency @) satisfies 0. = @s — @p.

We selected the QD emitting photon at 864 nm at 4 K as
true single photon source. After passing through the long pass
filter and beam splitter, the signal beam was coupled into a
multimode fiber and sent into the PPLN crystal. A seed laser
beam at 1950 nm was used as the pump light for QFC. After
passing through the PPLN waveguide, the strong pump light
is diminished by 1550 nm band-pass filters, and the converted
light at 1552 nm is extracted, coupled into a 50/50 fiber beam
splitter, and then sent into two superconducting single-photon
detectors (SSPDs) for count rate and HBT measurement.
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Fig. 3. (color online) Schematic of the combined experimental setup. (a) Confocal microscope for the investigation of the QD sample.
(b) Frequency conversion setup. AL: aspheric lens, APD: avalanche photodiode, MMF: multimode fiber, LF: long pass filter, BS:
beam splitter, SSPD: superconducting single-photon detector, WDM: wavelength division multiplex.
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Fig. 4. (color online) Selected QD for frequency conversion experi-
ment. (a) uPL spectra, wavelength at 864.04 nm at 4 K. (b) The g (1)
measurement of emission line in panel (a) under 140 uW cw excitation
power, the dip to a value of g2 (0) = 0.187.

Figure 4(a) shows the filtrated micro-PL spectra of se-
lected QD emitting photon at 864.04 nm at 4 K. Figure 4(b)
shows the autocorrelation measurement of g(?)(t) for the QD,

the dip to a value of g(?)(0) = 0.187 under 140 uW cw excita-
tion power. The measured nonzero g% (0) value is mainly due
to the dark counts in the avalanche photodetectors (APD) and
the recapture process.??! So a true single photon emitter from
a QD is presented for QFC.

As presented in Fig. 5(a), we use a laser at 864 nm to
calibrate the wavelength of the converted signal which is at
1552.29 nm. The count rate of 1552.29 nm single photon
stream on two SSPDs is shown in Fig. 5(b). The maximum
count rate is 43 kHz when the detection efficiency of SSPD
(~ 50%) is considered. To determine the signal-to-noise ratio
(SNR) and conversion efficiency of our setup, we send a con-
stant rate of single photons from the QD into the PPLN crystal
with excitation power of 140 uW.

SNR given by

N, converted — N, noise
N, noise

SNR =

is calculated in Fig. 5(b). We yield a maximum SNR of about
21 for 140 uW excitation power. Compared with the atten-
uated laser pulses, a much better SNR can be realized with
quantum dots. 14!

Figure 6 shows conversion efficiency of the PPLN crystal
under 140 uW cw excitation power. We measure the count rate
at 1552.29 nm on two SSPDs for different pump power levels
at 1950 nm between 0 and 500 mW. The conversion reaches
the maximum value of 40% when the pump power of 1950 nm
laser is 350 mW.
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Fig. 5. (color online) (a) The wavelength of converted signal at

1552.29 nm calibrated by a laser at 864 nm. (b) The single-photon
counting at 1552.29 nm using two SSPDs. The blue and red lines are
count rates on different SSPDs and the black line is the noise back-
ground with excitation power of 140 uW. (c) The g(z) (7) measurement
of the 1552.29 nm signal under 140 pW excitation power and 308 mW
pump power.

It is crucial to test whether the anti-bunching behavior
can be conserved or not during QFC. To this end, we mea-
sure the degree of second-order coherence g<2>(1) after the
frequency conversion process. For the down-converted light
at 1552.29 nm, we obtained g (0) = 0.22 at 140 uW excita-
tion power and 308 mW pump power, as shown in Fig. 5(c).
The observed anti-bunching again proves the conservation of
the single photon character of the light after the QFC process.
Compared with the attenuated laser pulses, high-purity of sin-

gle photons can be realized with quantum dots.
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Fig. 6. (color online) Conversion efficiency of the PPLN crystal under
140 W cw excitation power for different pump powers.

4. Conclusion

MBE growth of self-assembled quantum dots emit-
ting photon at 860-900 nm is achieved by introducing
GaAs/Aly3GaAs layer. Based on the QDs, frequency down-
conversion of true single photon from single quantum dot at
864 nm to a telecommunication wavelength of 1552 nm is re-
alized by using the PPLN crystal. The single-photon purity
of the quantum dot emission is preserved during the down-
conversion process. The second-order autocorrelation mea-
surement yields g% (0) = 0.22 of 1552 nm signal, demonstrat-
ing high-purity single-photon emission. The maximum count
rate of 1552 nm single photon stream is 43 kHz. It has great
scope for improvement based on the optimization of optical
path efficiency. Such a quantum interface will be useful for

long-distance quantum communication based on various pho-

ton emitters, such as color centers in diamond. 23!
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