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High-performance solid-state quantum sources in the telecom band are of paramount importance for long-
distance quantum communications and the quantum Internet by taking advantage of a low-loss optical fiber
network. Here, we demonstrate bright telecom-wavelength single-photon sources based on In(Ga)As/GaAs quan-
tum dots (QDs) deterministically coupled to hybrid circular Bragg resonators (h-CBRs) by using a wide-field
fluorescence imaging technique. The QD emissions are redshifted toward the telecom O-band by using an
ultra-low InAs growth rate and an InGaAs strain reducing layer. Single-photon emissions under both continuous
wave (CW) and pulsed operations are demonstrated, showing high brightness with count rates of 1.14 MHz and
0.34 MHz under saturation powers and single-photon purities of g �2��0� � 0.11� 0.02 (CW) and
g �2��0� � 0.087� 0.003 (pulsed) at low excitation powers. A Purcell factor of 4.2 with a collection efficiency
of 11.2%� 1% at the first lens is extracted, suggesting efficient coupling between the QD and h-CBR. Our work
contributes to the development of highly efficient single-photon sources in the telecom band for fiber-based
quantum communication and future distributed quantum networks. © 2022 Chinese Laser Press
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1. INTRODUCTION

Telecom-wavelength sources of single photons with high de-
grees of brightness, purity, and photon indistinguishability
are highly desirable for long-distance quantum communication
and distributed quantum networks, due to the low photon ab-
sorption and small dispersion in silica fibers. In the past dec-
ades, telecom-wavelength single-photon sources in a variety of
material platforms have been extensively studied, such as
atomic sources [1,2], optical nonlinear crystals [3,4], semicon-
ductor quantum dots (QDs) [5–8], defects in silicon carbide
[9,10], gallium nitride [11], and carbon nanotubes [12,13].
However, an on-demand telecom-wavelength source of single
photons with simultaneous high degrees of brightness, single-
photon purity, and photon indistinguishability is still
illusive. Atomic ensembles have a long storage lifetime [14],
which is good for quantum memory, but their low radiative rates
ultimately restrict the brightness of the sources [15]. Spontaneous
parametric downconversion (SPDC) sources based on optical
nonlinear crystals can be operated at room temperature with high
photon indistinguishabilities [16]. However, high single-photon
purities can be obtained only with a probability typically <0.1
[17] under low excitation powers, which imposes an unavoidable

trade-off between the source brightness and single-photon
purity. Epitaxially grown semiconductor QDs have exhibited
state-of-the-art performances as single-photon sources in the
near-infrared regime with the assistance of photonic nano-
structures such as micropillars [18–21], circular Bragg resona-
tors (CBRs) [22–25], photonic crystals [26,27], and open
microcavities [28]. Yet, transplanting high-performance single-
photon sources based on QDs from near-infrared to telecom
bands is still a highly nontrivial task. The difficulties lie on both
the epitaxial growth and the deterministic couplings between
the QDs and the photonic nanostructures. To redshift the
emission wavelength, either the barrier materials for InGaAs
QDs have to be modified [29,30] or low bandgap materials
[31,32], e.g., InP, have to be employed in the growth.
Recently, O-band single-photon emissions have been achieved
in InGaAs QDs with a strain-reduced layer, and the first lens
collection efficiency was improved to 23% [33] by using ran-
domly coupled hybrid CBRs (h-CBRs). For InP QDs, O-band
single-photon emission with first lens efficiencies of 36% and
27% [34,35] was reported in randomly coupled QD-photonic
crystal systems. It is also shown that telecom emission QDs
can be deterministically coupled to photonic nanostructures
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via in situ electron beam (E-beam) lithography [36], while the
achievable brightness can further be improved.

In this work, we present our efforts towards deterministi-
cally coupled QD single-photon sources in the telecom wave-
length band by positioning single InGaAs QDs into an h-CBR
via a wide-field fluorescence imaging technique [37,38]. A
Purcell enhancement of 4.2 clearly reveals the efficient coupling
between the QDs and h-CBR. We demonstrate an extraction
efficiency of 11.2%� 1% at the first lens with maximal pho-
ton count rates of 1.14 MHz and 0.34 MHz under CW
(4.8 μW) and pulsed (5.4 μW) excitations, respectively. By low-
ering the excitation powers, better single-photon purities of
g �2��0� � 0.11� 0.03 and g �2��0� � 0.087� 0.003 are ob-
tained under CW (0.2 μW) and pulsed (1.1 μW) excitations,
respectively.

2. EPITAXIAL GROWTH OF TELECOM BAND
QDS

The samples were grown on semi-insulating GaAs (001) sub-
strates in a solid-state molecular beam epitaxy (MBE) system
equipped with a cracker cell for arsenic (As) evaporation and
high-energy electron diffraction (RHEED). The deposition
temperature was calibrated by the transition temperature T c
when the surface reconstruction pattern of GaAs transferred
from 2 × 4 to 2 × 3 [39]. Figure 1(a) illustrates the growth
layers. After deoxidization at a temperature of 680°C for
10 min and growth of 500 nm GaAs buffer at 660°C, a
250 nm Al0.8Ga0.2As sacrificial layer was grown at 620°C,
which is used for nanomembrane release [40]. The InAs QDs
were embedded in the middle of a GaAs layer with a thickness

of 240 nm. The emission range of the QDs is designed at
1310 nm (4 K) via capping an InGaAs strain-reduced layer
on top of InAs QDs to minimize strain and surface energy.
In detail, the InAs QD was deposited at a temperature of
T c − 25°C with an ultra-low indium flux rate of 0.004 mL/s
and then capped with 8 nm In0.17Ga0.83As and 5 nm GaAs,
followed by a 3 min annealing step at 680°C. The morphology
characterization of QDs was performed by an atomic force mi-
croscope (AFM, Bruker Icon, peak force tapping mode) using
additional uncapped InAs QD deposition on GaAs with the
same experimental parameters. Figure 1(b) shows the QD den-
sity of a few dots∕μm2 with an average height of 14–16 nm.

3. CBR DESIGN AND FABRICATION

The h-CBR studied in this work is schematically illustrated in
Fig. 2(a), which consists of a circular GaAs disk surrounded by
a set of concentric GaAs rings, placed on a highly efficient
broadband Au reflector spaced with a 300-nm-thick SiO2 layer
[41,42]. A scanning electron microscope (SEM) image showing
an exemplary CBR with the central disc diameter d of 585 nm
is presented in Fig. 2(b). Figure 2(c) shows the calculated
photon collection efficiency and Purcell factor by using finite-
difference time-domain simulations (Lumerical FDTD solu-
tions). For QD emission in a spectral range of 1321 to
1325 nm, the simulation displays a broadband out-coupling
efficiency higher than 89.6% when collected from an object
lens with a numerical aperture (NA) of 0.65. The far-field pat-
tern of the cavity mode is shown in the inset of Fig. 2(c), in
which most of the emitted light is confined in the divergence
angle of 10°. The highest Purcell factor is 26.7, and Purcell
enhancements of >5 can be readily achieved from 1321 nm
to 1325 nm.

4. H-CBR DESIGN AND FABRICATION

A. Coupling between QD and CBR
The h-CBR devices were fabricated in three steps: (i) growing a
300 nm SiO2 spacer layer and a 100-nm-thick Au reflector
layer on top of the epitaxial wafer; (ii) transferring the III-V
wafer on a quartz substrate and removing the GaAs substrate
and AlGaAs sacrificial layer by using selective wet etching;
(iii) defining CBR structures with electron beam lithography
(EBL) and transferring the patterns from the E-beam resist into

Fig. 1. Epitaxial growth of telecom band QDs. (a) Layer sequence
of the investigated sample. (b) Representative AFM image of the QDs.

Fig. 2. h-CBR device for telecom band single-photon sources. (a) Schematic illustration of an h-CBR device. (b) Scanning electron micrograph of
the fabricated h-CBR. (c) Simulated Purcell factor (blue) and collection efficiency (red) of the h-CBR as a function of wavelength. The collection
efficiency is based on a 40° azimuth angle, corresponding to a lens with a numerical aperture (NA) of 0.65. The inset is the far-field intensity
distribution of the cavity mode.
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the GaAs layer by using dry etching. To ensure spatial overlaps
between the QDs and h-CBRs, we used a wide-field fluores-
cence imaging technique to extract the positions of QDs re-
spective to the pre-fabricated alignment marks, as shown in
Fig. 3(a). After fabrication of the h-CBRs, bright fluorescence
spots were observed in the centers of the devices, indicating that
the QDs are precisely placed in the centers of the h-CBRs, as
presented in Fig. 3(b).

To optically characterize the deterministically coupled devi-
ces, a confocal micro-photoluminescence (μ-PL) setup is used.
The sample was mounted inside a close-circle cryostat and
cooled down to about 4 K. Then a pulsed laser (1150–
2323 nm) with a repetition rate of 86 MHz and pulse width
of 3 ps or a tunable CW diode laser (1240–1380 nm) was used
to excite the QD via one of the excited states (p-shell) of the
QDs. The PL signals were collected by a microscope objective
with NA � 0.65 and detected by using an infrared spectrom-
eter (spectral resolution ∼0.06 nm). To perform time-resolved
measurements, a home-built filter was used to select the tar-
geted emission line before detecting the photons with fiber-
coupled superconducting nanowire single-photon detectors
(SNSPDs). More details are presented in the section. As shown
in Fig. 3(c), a QD emission line (1322.99 nm) is almost res-
onant with the cavity mode (1323.87 nm) under pulsed p-shell
excitation. The cavity mode is characterized by a full-width
at half-maximum (FWHM) of 3.42 nm, corresponding to a
Q-factor of 387. To further confirm the coupling between
the QD and cavity mode, a Purcell enhancement of the tran-
sition is obtained by time-resolved measurements, as shown

in Fig. 3(d). The Purcell factor is about 4.2 by comparing the
lifetime of the coupled QD (τcoupled � 303 ps) with the life-
time of a reference QD outside the cavity (τoutside � 1278 ps).
The deviation of the measured Purcell factor from the theoreti-
cal value could be from the uncertainties in the E-beam align-
ment process and the slight detuning between the emission line
and the cavity mode.

B. Characteristic of Single-Photon Emission
We investigate the telecom band single-photon emission of our
device operating under both CW and pulsed modes for differ-
ent excitation powers. The single-photon purities of the emit-
ted photons are extracted from the second-order correlations
by using a fiber-based Hanbury Brown and Twiss setup.
For low-excitation powers of 0.2 μW and 1.1 μW, both
CW and pulsed emissions exhibit pronounced suppressions
of coincidence events at zero delay, which gives rise to
g �2��0� � 0.11� 0.02 and 0.087� 0.003, respectively. The
count rates of the emitted photons can be significantly im-
proved with the sacrifice of single-photon purity by increasing
the excitation power. At the saturation powers, we obtained
g �2��0� values of 0.38� 0.03 and 0.485� 0.003 under
CW (4.8 μW) and pulsed (5.4 μW) excitations, respectively.
The power dependences of the photon count rate and
g �2��0� value are plotted in Figs. 4(c) and 4(f ) for CW and
pulsed excitations, respectively, showing maximal photon count
rates of 1.14 MHz and 0.34 MHz at the saturation powers. We
note that blinking behaviors of the QDs on a time scale of
around 13 ns and 0.5 ns are observed in Figs. 4(b) and 4(d).

Fig. 3. Deterministically coupled QD-CBR device. Fluorescence images (34 μm × 34 μm) of the QDs (a) before and (b) after fabrication of the
h-CBRs. (a) and (b) share the same scale bar. (c) Normalized micro-photoluminescence spectrum (red trace) and cavity mode (shaded area) under
quasi-resonant (p-shell) excitation. The small black arrow denotes the investigated emission line at 1322.99 nm. (d) Lifetimes of the selected QD
emission line (1322.99 nm) coupled with h-CBR (red point) and an exemplary reference QD outside the device (black point), indicating pro-
nounced Purcell enhancement. Solid red and black lines are the exponential function fits.
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The g�2� functions with blinking behaviors can be quantita-
tively fitted by introducing extra dark states in the model
[43,44]. For low-power CW excitation, the blinking could
be attributed to the nearby charge carrier and the physical de-
fects on the sample surface. The carrier fluctuations in the
vicinity of the QDs can shift the emission wavelength by
the quantum-confined Stark effect [45] and cause nonradiative
Auger recombination [46]. For high-power pulsed excitation,
the nearby charge carrier traps can refill the QD, as reported
in a previous study [33], as shown in Fig. 4(e).

Finally, the extraction efficiency of the device at the first lens
is evaluated. Figure 5 shows the schematic of the experimental
setup. The emitted photons are collected using a microscope

objective with an NA of 0.65. For this measurement, the sig-
nals pass through a dichroscope and a beam splitter (BS) before
coupling into a single-mode fiber. The emitted photons from
the targeted emission line are selected by a home-built grating
filter and detected by using fiber-coupled SNSPDs. More
details are shown in the method section. The detection effi-
ciency of the whole setup has been carefully calibrated to be
0.0238� 0.002 [see the table in Fig. 5(b)], leading to an
extraction efficiency at the first lens of 16.6%� 1.5% at a sat-
uration count rate of 0.34 MHz [Fig. 4(f )]. To remove the
effect of re-excitation, we multiply a calibration factor with
1∕�1� g �2��0�� and get a corrected extraction efficiency
of 11.2%� 1%.

Fig. 4. Characterizations of the telecom band single-photon emissions. Autocorrelation measurements of single-photon emissions for (a) low-
power (0.2 μW) and (b) high-power (4.8 μW) CW excitation. (c) Power dependences of the emission count rate and g�2��0� value for CW
excitation. Autocorrelation measurements of single-photon emissions for (d) low-power (1.1 μW) and (e) high-power (5.4 μW) pulsed excitation.
(f ) Power dependences of the emission count rate and g�2��0� value for pulsed excitation.

Fig. 5. Estimation of the extraction efficiency at the first lens. Left: schematic of the experimental setup (λ∕2, half-wave plate; λ∕4, quarter-wave
plate). Right table: transmissions of the optical elements used in efficiency measurement.
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5. CONCLUSION

In summary, we have demonstrated bright telecom-wavelength
single-photon sources based on In(Ga)As/GaAs QDs determin-
istically coupled to h-CBRs by using a wide-field
fluorescence imaging technique. Single-photon purities of
g �2��0� � 0.11� 0.02 and g �2��0� � 0.087� 0.003 can be
achieved under low-power CW (0.2 μW) and pulsed (1.2 μW)
excitations, respectively. The highest photon count rates of
1.14 MHz and 0.34 MHz with g �2��0� � 0.38� 0.03 and
g �2��0� � 0.485� 0.003 are obtained at saturation powers
for CW (4.8 μW) and pulsed (5.4 μW) excitations, respectively.
The coupling between the QD and h-CBR is revealed by a
Purcell factor of 4.2 and an improved first lens extraction effi-
ciency of 11.2%� 1%. Deviations of the measured device
specifications from the numerical simulations can be ascribed
to the spectral and spatial mismatches between the QDs and
h-CBR, which could be further minimized in the future with
technological efforts. Moving forward, more advanced designs
with implementation of a PIN gate [47–49] could be exploited
to stabilize the charge environment of the QDs, which may
suppress the blinking behavior and enable the observation of
resonance fluorescence for highly coherent single-photon emis-
sions in the telecom band [31,50].

6. METHOD

Before fabricating the h-CBR structures, the sample was
mounted in a cryostat (Montana) with an internally installed
objective (NA � 0.65) and cooled down to about 4 K. For
wide-field QD positioning, a CW laser with a wavelength at
∼780 nm was used to excite the QDs, and an LED with a
center wavelength at 1550 nm was used to illuminate the sam-
ple surface. By adding long pass filters of 900 nm and 1300 nm,
fluorescence images of individual QDs and alignment Au
marks were obtained on an infrared liquid-nitrogen-cooled
InGaAs array detector (NIRvana-LN, Princeton Instruments).
To remove the background noises caused by ambient light, a
background image was taken before capturing the signal image.
After fabricating the structures, the sample was tested by the
same setup but turning the flip BS (BSW29R, Thorlabs) and
flip mirror to the right sight (as seen in Fig. 5). The dichroscope
(DM10-650LP, LBTEK) was replaced by a BS (BSW29R,
Thorlabs) for clear imaging. The emission lines were coupled
into a fiber and collimated in a spectrometer for spectral
acquisition. With the help of the spectrometer, we can select
the targeted emission line by a home-built filter setup
(FWHM ∼ 0.3 nm). A half-wave plate and a quarter-wave
plate were used to improve the diffraction efficiency of the gra-
ting, which is polarization dependent. Then the filtered signal
was divided by a fiber BS detected by two fiber-coupled
SNSPDs with a dead time of 100 ns. Because the detection
efficiency of the SNSPD was sensitive to the polarization of
photons, a fiber polarization controller was used to turn the
count rate to maximum.
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