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Featured Application: This work has an application in realizing on-chip quantum photonic cir-
cuits with integrated quantum emitters for quantum computation or quantum communication.

Abstract: In recent years, many groups and institutions have been committed to the research of
integrated quantum photonic circuit technologies, of which the key components are waveguide
coupled single photon sources. In this study, we propose an on-chip waveguide-coupled single
photon source that is easily implemented as the waveguide is directly made from the quantum dot
membrane. In order to scatter light out of the on-chip waveguide plane into the detection apparatus,
grating output couplers are made at both ends of the waveguide. The photon statistics of the on-chip
photon source were investigated by second-order correlation function g(2)(τ) measurements using a
Hanbury Brown and Twiss interferometer. From the spectra and cross-correlation experiments by
collecting emission at the point of quantum dot and out coupler, the emitting of single photons from
the same quantum dot and propagating via the waveguide to the out couplers was confirmed. These
results show that we have achieved an on-chip single photon source that is easily implemented and
easily integrated into quantum photonic circuits.

Keywords: quantum photonic circuit; single photon source; waveguide coupled; self-assembled
quantum dot

1. Introduction

In the research fields of quantum information and quantum communications, single
photons have attracted significant attention as they are fundamental elements for current
quantum technologies [1–3]. Currently, quantum technologies are undergoing a revolu-
tion as the research on integrated quantum photonic circuits (QPCs) opens up exciting
opportunities to implement complex quantum algorithms on single chips. For realization
of QPCs, single photon sources and processing devices as well as photon detectors have
to be combined together on single chips. The single photon sources need to be integrated
into quantum photonic circuits to realize on-chip systems by directly coupling with nano-
photonic devices via low loss waveguides. Therefore, an efficient coupling of single photon
sources with waveguides remains an attracting issue, as the waveguide coupled single
photon source is the key component of a QPC. Many efforts to place single photon sources
in or on waveguides have been reported based on single photons generated from the
NV-center in nano-diamonds [4], quantum dots (QDs) [5,6], and single walled carbon
nanotubes [7].

Compared with other kinds of single photon emitters, self-assembled quantum dots
are very attractive candidates as they meet the requirements of high extraction efficiency,
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narrow emission linewidth, high single photon emission purity, stability, and so on. In-
tegration of QDs with circuit elements has also been demonstrated by structuring the
semiconductor material [8]. Among them, semiconductor III-V QDs are an ideal choice
for implementing hybrid integrated QPCs for their high performance of emitting near-
ideal single photons with ultrahigh brightness and indistinguishability, which also can
be site-controlled and compatible with semiconductor manufacturing technology [9–11].
Embedding of III-V QDs into integrated quantum circuits has been realized by various
approaches [12–14]. In these works, special methods or techniques are used to integrate
III-V QDs on photonic chip such as wafer bonding, the micromanipulation method, or
by the “pick-place” technique [12,14,15], which makes the implementation not as easy.
Moreover, as the development of highly-integrated systems that can solve complex prob-
lems mostly depends on the system efficiency, photon flux, passive losses, and detection
efficiency should all be optimized while realizing quantum photonic circuits. Although
much effort is being devoted to improving the external source coupling efficiency [16,17],
such approaches that aim at probing individual devices on a chip do not allow for highly
complex circuits. A scalable alternative is to create on-chip sources that are directly inte-
grated into the passive waveguide network [13,18]. Resonance fluorescence (RF) from QD
coupled into single-mode waveguide has been reported [19]. More approaches are also
demonstrated to integrate a quantum emitter with on-chip beam splitters [20–22]. For the
latest research, the control of chiral effects in deterministically fabricated QD-waveguide
systems and Purcell-enhanced single-photon source based on a quantum dot coupled to a
robust on-chip integrated resonator have been reported [23,24].

In this paper, we designed and implemented an on-chip single photon source based
on a semiconductor III-V quantum dot, which is directly coupled into the waveguide.
Via output couplers at both ends of the waveguide, non-classical light is extracted. The
quantum dot membrane that contains emitters is released from bulk crystal and picked up
by a new substrate such as SiO2. Then, the waveguide and output coupler structures are
directly made from the QD membrane. This greatly reduces the difficulty of the fabrication
process for integrating a single source into an on-chip circuit. The on-chip single photon
source is directly integrated into the passive waveguides, which will dramatically improve
the source coupling efficiency. By numerical analysis, a coupling efficiency of more than
76 percent from the single emitter to the waveguide was achieved. By collecting the emis-
sion in the exciton line both from the quantum dot and the output coupler into a Hanbury
Brown and Twiss (HBT) interferometer, the second-order cross correlation function g(2)(τ)
was measured to prove the single photon nature of our waveguide coupled on-chip photon
source. Our approach provides an easy way to implement quantum photonic devices
integrated with a single photon source for on-chip quantum information processing.

2. Design and Method
2.1. Design

A design scheme for the on-chip waveguide coupled single photon sources is illus-
trated in Figure 1. A GaAs QD embedded in a single mode AlGaAs waveguide emits
single photons by off resonant excitation of a 532 nm continuous wave laser. Then, the
single photons transmit into and propagate ~2.5 µm along the single-mode waveguide.
Numerical simulation results show that the transmission efficiency from the QD single
emitter to the waveguide with a width of 300 nm and height of 85 nm was about 76% (38%
for each propagation direction). By adding grating output couplers consisting of λ/(2n)
pitch grating [19,25,26] to both ends of the waveguide, emissions were scattered out of the
on-chip plane into the detection apparatus. For a designed grating coupler with a period of
400 nm and ring width of 110 nm, simulated out coupling efficiency was about 40%, similar
to other reports. The waveguide and out coupler structures are all directly fabricated from
the QD membrane placed on a SiO2 substrate.
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Figure 1. Design of the on-chip waveguide coupled single photon source.

2.2. Materials

We realized our design by using a kind of self-assembled quantum dot material of
GaAs QDs embedded in an AlGaAs matrix, which was grown on a GaAs substrate by the
molecular beam epitaxy (MBE) method [27]. The QDs were fabricated by etching nano-
holes directly in the AlGaAs surface using Al droplets without supplying arsenic. Then, by
filling 2 nm GaAs into the holes and capping the filled holes with AlGaAs material, QDs
are formed [28]. The top layer of the material containing GaAs QD emitters can be released
from the bulk GaAs substrate by etching away a sacrificial layer of AlAs that is grown on
the substrate in advance. Then, the QD membrane is transferred to a new substrate. Here,
a Si substrate with a 400 nm SiO2 on top was used in our experiment. It should be noted
that the new substrate can be other materials depending on the demand of integration
photonic circuits. A waveguide with grating output couplers at both ends was directly
fabricated from the quantum dot membrane by the fabrication process of electron beam
lithography (EBL) and reactive ion etch (RIE).

2.3. Optical Setup

Optical measurements were performed using a confocal microscope system with the
sample cooled down to 10 K. The excitation source was a 532 nm continuous wave laser.
An objective of NA 0.7 was used to both excite the photoluminescence (PL) of the QD and
collect the PL from the QD and out-couplers (shown as the red spots in the structure). A
sketch of the detection part of the optical setup is shown in Figure 2. The spectra of the
QD photoluminescence was recorded by a grating spectrometer equipped with a charge
coupled device (CCD). This spectrometer was also used as a monochromator by changing
mode to guide the light out of the exit slit. The light spots from the quantum dot and
the output couplers were dispersed (shown as the inset picture). Then, only the photons
corresponding to the exciton line of the QD moved into a HBT setup for the correlation
function measurements. The HBT setup consisted of a 50:50 prism beam splitter, two
identical single photon avalanche diodes (SPADs), and a single photon counting module.
In addition, a pair of cylindrical mirrors were set before the beam splitter to separate the
light spots from the QD and output couplers as much as possible. Then, two SPADs were
adjusted to different heights to receive photons from different positions. The time correlated
single photon counting module connected to the two SPADs measures the arrival times
between photons on the two detectors and produces the second order correlation function.
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Figure 2. Schematic of the optical detection setup.

3. Results and Discussion
3.1. Photoluminescence Spectra

Photoluminescence spectra were collected separately from the emitting QD and the
grating output couplers (vertically above the QD and output coupler). As shown in
Figure 3, the exciton peak (neutral exciton X) of the QD was at 1.5722 eV, which was excited
by a 532 nm continuous wave laser with a power of 4.7 µW. The spectra exhibited exactly
the same features, not only in terms of the spectra position, but also the width of the sharp
lines, which confirms that the emission from the grating output coupler comes from the
emitting quantum dot. The full width at half-maximum for the emission peak collected both
from the emitting QD and the grating output coupler were almost the same with a value of
180 µeV. The photoluminescence intensity collected at the point of the output coupler, which
was estimated to be larger by the finite difference time domain (FDTD) simulated results,
was actually less than that collected at the point of QD. As above-mentioned, the coupling
efficiency from the single emitter to the waveguides was 38% for each direction and the out
coupling efficiency of the grating couplers to scatter emission out of the on-chip plane into
detection apparatus was about 40%. Then, about 15.2% of the photoluminescence from the
QD was collected from the point of the grating coupler. The simulated collection efficiency
directly from the QD was 9.1%, but from the experimental result, the photoluminescence
intensity collected at the output coupler was about 2/3 of the photoluminescence intensity
collected at the QD. A reason for this could be the out-coupler’s emission efficiency and
the waveguide transmission efficiency was not as large as the simulation result as the real
structure was not as perfectly as designed when fabricated. In addition, permittivity of the
real AlGaAs material used for our sample may be slightly different from the value used
for simulation from the literature [29], while a sight deviation of the imaginary part of
the refractive index of AlGaAs will increase the waveguide loss drastically. Therefore, an
optimized design needs to be carried out to improve the transmission and out coupling
efficiency in order to obtain more photon counts.
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Figure 3. Spectra collected at positions of the quantum dot (black dash line) and out-coupler at the
end of the waveguide (red line).

3.2. Single-Photon Nature

The HBT experiment setup was used to verify the single photon nature of our waveg-
uide coupled on-chip source. The second-order correlation function g(2)(τ) was measured
both from the emission at the position of the quantum dot (a) and at the point of output
coupler (b). Caused by low coupling efficiency, the count rate is not very high, only about
2000 counts per second. In order to achieve reasonable photon count rates, the power was
set to have the strongest exciton line. The signal-to background ratio decreased leading
to a diminished contrast of the antibunching with increasing power levels [30]. Depicted
in Figure 4, from a fit to the raw data, we can see that g(2)(τ = 0) was clearly below 0.1 in
the configurations and revealed excellent single photon behavior. As shown in Figure 4c,
the second-order cross correlation function g(2)(τ) between the emission from the QD and
the output coupler was also measured, which proved that photons collected at the end of
the waveguide originated from the QD. The results unambiguously proved that a single
photon emission from GaAs QD was successfully generated and routed along the on-chip
waveguide with preservation the single photon behavior. To clarify, we chose the output
coupler with a higher emission photon counts for the measurements.

Figure 4. Cont.
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Figure 4. Second-order correlation measurements of the photons collected from (a) the quantum dot (QD) position, (b) the
output coupler position, (c) the QD position, and the output coupler position, shown as red spots on the structure.

4. Discussion

A simple model of on-chip single photon source with a self-assembled quantum dot
directly coupled with on-chip waveguide has been demonstrated in this paper, which is a
key step toward realizing QD-based quantum photonic circuits. The waveguide is directly
made from the QD membrane, which greatly reduces the difficulty of the fabrication
process for integrating a single source into an on-chip circuit. Based on our approach,
a single photon source can be easily coupled with other elements of quantum photonic
networks, just as beam splitters, directional couplers, waveguide filters, and so on. Due
to the flexible selectivity of the new substrate, the single photon source can be compatible
with a variety of quantum circuits. Moreover, multiple quantum dots can be coupled via
waveguides to achieve more functions [13,31–34]. Then, more complex quantum photonic
circuits will be developed in the future. However, for our design, the QD transitions should
be tuned into resonance first, which may be possible by electrical modulation [35,36].

5. Conclusions

In summary, we have demonstrated an on-chip waveguide coupled single photon
source based on the self-assembled QD membrane. It is easy to implement as the waveg-
uide is directly fabricated in the QD membrane. Based on our approach, more complex
elements of quantum photonic circuits can be developed. In the near future, we will focus
on improving the photon flux to enable ultrabright on-chip single photon sources with
high indistinguishability.

6. Patents

A patent application is being filed.

Author Contributions: Conceptualization, P.J.; Methodology, P.J.; Validation, P.J., N.M. and P.L.;
Formal analysis, P.J.; Investigation, P.J. and P.L.; Data Curation N.M. and W.W.; Writing—original
draft preparation, P.J. and N.M.; Writing—review and editing, K.Z.; Supervision, P.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Central University Basic Research Fund (grant number 19CX02056A)
and the Major National Science and Technology Projects, (grant number 2017ZX05032-003-002).

Data Availability Statement: Data is contained within the article.

Acknowledgments: We additionally thank Jiaxiang Zhang for the QD material and for help with
our work.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2021, 11, 695 7 of 8

References
1. Knill, E.; Laflamme, R.; Milburn, G.J. A scheme for efficient quantum computation with linear optics. Nature 2001, 409, 46–52.

[CrossRef] [PubMed]
2. O’brien, J.L. Optical quantum computing. Science 2007, 318, 1567–1570. [CrossRef] [PubMed]
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