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Abstract

The emerging hybrid integrated quantum photonics combines the advantages of different functional components
into a single chip to meet the stringent requirements for quantum information processing. Despite the tremendous
progress in hybrid integrations of Ill-V quantum emitters with silicon-based photonic circuits and superconducting
single-photon detectors, on-chip optical excitations of quantum emitters via miniaturized lasers towards single-
photon sources (SPSs) with low power consumptions, small device footprints, and excellent coherence properties is
highly desirable yet illusive. In this work, we present realizations of bright semiconductor SPSs heterogeneously
integrated with on-chip electrically-injected microlasers. Different from previous one-by-one transfer printing
technigue implemented in hybrid quantum dot (QD) photonic devices, multiple deterministically coupled QD-circular
Bragg Grating (CBG) SPSs were integrated with electrically-injected micropillar lasers at one time via a potentially
scalable transfer printing process assisted by the wide-field photoluminescence (PL) imaging technique. Optically
pumped by electrically-injected microlasers, pure single photons are generated with a high-brightness of a count rate
of 3.8 M/s and an extraction efficiency of 25.44%. Such a high-brightness is due to the enhancement by the cavity
mode of the CBG, which is confirmed by a Purcell factor of 2.5. Our work provides a powerful tool for advancing hybrid
integrated quantum photonics in general and boosts the developments for realizing highly-compact, energy-efficient

and coherent SPSs in particular.

Introduction

Photonic quantum technology harnessing the super-
position and entanglement of non-classical states of light
has enabled secure communication, superfast computa-
tion, and accurate metrology'. Introductions of integrated
optics to modern quantum photonics facilitate the abil-
ities of generations, manipulations, and detections of
quantum states of light by using more than 1000
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programable components on a phase-stable chip with a
millimeter-scale footprint”. Similar to conventional inte-
grated optics, it is not realistic for a single material plat-
form to satisfy all the functionalities required for each
distinct component in quantum information processing
tasks>*. For example, III-V semiconductor QD SPSs so
far have exhibited the best performances in terms of
simultaneous high-degrees of source brightness, single-
photon purity, and photon indistinguishability’ ' while
silicon photonic circuits excel in reconfigurable manip-
ulations of multi-photon'""* or high-dimensional quan-
tum states'®'* with high operational fidelities. Thus,
hybrid integrated quantum photonic circuits are currently
being under extensive explorations worldwidely by
heterogeneously integrating III-V solid-state quantum
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emitters as deterministic quantum light sources with
silicon-based photonic circuits'®~'® and superconducting
single-photon detectors'>™*' on a single chip. Despite
remarkable progress in the development of the hetero-
geneously integrated photonic components, there remains
a large performance gap between the fully-fledged inte-
grated quantum photonic devices and their classical
photonic counterparts—that is—chip-integrated pumping
lasers. The on-chip optical excitation of solid-state
quantum emitters by using microlasers results in much
lower power consumptions, significantly reduced device
footprints, and potentially ideal coherence properties of
the emitted photons. In a conventional off-chip optical
excitation scheme, radiations from bulky and high-power
lasers have to be greatly attenuated to a few tens of nano-
Watt for creating carriers in QDs, in which most of the
radiation power of the bulky external lasers is wasted. In
addition, optical pumping schemes, especially resonant”,
quasi-resonant”®, two-photon resonant®*~*°, and phonon-
assisted excitation”’, are able to deliver highly-coherent
single photons with a near-unity photon indistinguish-
ability, appreciably surpassing the record value of 41%
achieved under the electrical injection condition®®,
Moving towards integrations of QD SPSs and micro-
lasers, electrically-injected micropillars have been suc-
cessfully demonstrated to excite QD SPSs in an off-chip
manner”’. The on-chip excitations of QDs have also been
demonstrated in a monolithic chip with unsatisfactory
source brightnesses. In monolithic platforms, both SPSs
and microlasers are limited to the same geometry, e.g.,
micropillars®>*' or planar cavities®”, which prevents the
independent optimizations of each component. To better
separate optimizations of laser excitations and single-
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photon emissions, we combine, in this work,
deterministically-fabricated planar CBGs as bright SPSs
and electrically-injected micropillars as highly-directional
microlasers on a single chip. These two components are
individually optimized and heterogeneously integrated
together by using a potentially scalable transfer printing
process capable of fabricating a multitude of devices in a
single run. The single QD was pumped by an on-chip
micropillar laser under electrical injections, exhibiting
high-performances in terms of the source brightness and
single-photon purity thanks to the coupling of the QD to
the cavity mode of the CBG. This work constitutes a
major step in developing highly-efficient and coherent
semiconductor SPSs with small footprints for hybrid
integrated quantum photonics.

Results

Figure 1 presents the building blocks and the concept of
our device. A suspended GaAs CBG with a single QD
embedded in the center serves as an efficient SPS, as
shown in Fig. 1la. The CBG consists of a GaAs microdisk
surrounded by a serial of shallowly etched air trenches.
Photons emitted from the QD in the center of CBG are
mostly confined in the suspended membrane. Due to the
presence of second-order Bragg gratings, parts of the
emitted photons from the QD are scattered upwards for
efficient collections and the others are reflected back to
form a cavity for enhancing the strength of light-matter
interactions®~*, To optically pump the QD-CBG SPS, we
explore electrically-injected micropillar lasers® consisting
of quantum wells sandwiched between two distributed
Bragg Reflectors (DBRs), as schematically shown in Fig. 1b.
These two elements are assembled in a way that the CBG

Top DBR

Cavity

Bottom
DBR

—

Fig. 1 lllustration of the hybrid integrated SPS. a CBG with a single QD embedded for bright single-photon emissions. The single photons
emitted from the QD are confined in the suspended membrane by total internal reflections, partially reflected to the center of the CBG and partially
scattered to the top by second-order Bragg gratings consisting of shallowly etched air trenches. b Micropillars with embedded quantum wells for
electrically-injected microlasers. ¢ lllustration of the hybrid integrated device. Pumped by the on-chip micropillar laser with electrical injections, the
QD in the CBG emits highly-directional single photons to the free space
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is located right on top of the micropillar laser and an
additional spacer is designed specifically to separate cavity
modes in each distinct component, as schematically shown
in Fig. lc. Optically driven by the coherent photons
emitted from the electrically-injected micropillar laser, the
QD in the CBG emits highly-directional single photons
upwards to the collection optics.

With the above device design, we further explore the
optical performance of a single-QD in the hybrid cavities
by modeling the extraction efficiency and the Purcell
factor, as shown in Fig. 2a. The extraction efficiency is
defined as the fraction of the photons collected by the
objective over all the photons emitted by the QD. The
cavity effect of the CBG is revealed by a Lorentzian shape
of the Purcell factor with a maximal value of ~15 and a
full width at half maximum of ~3 nm, corresponding to a
Q-factor of ~303. The bandwidth for efficient collections
of the single photons are much broader, showing
extraction efficiencies >40% over 33 nm. Such an appre-
ciable Purcell factor is due to the tight light confinement
of the CBG cavity mode, as presented in Fig. 2b. We chose

a 2 um gap filled with benzocyclobutene (BCB) between
the CBG and the micropillar laser so that the cavity mode
of the CBG is not perturbed by the presence of the
micropillar. The excitation of the QD by the micropillar
laser (blue) and the highly-directional single-photon
emissions (red) can be clearly identified from the beam
propagation profiles in the XZ plane of the device, as
shown in Fig. 2c. Figure 2d further shows the far-field
pattern of single-photon emissions from the CBG device,
exhibiting a divergent angle within 10° for the efficient
collection.

We take advantage of the well-developed transfer
printing technique which has been successfully demon-
strated for building hybrid quantum photonic devi-
ces'”'%*  However, the implementations of such a
technique to QD devices so far are limited in a one-by-
one fashion due to the intrinsic random nature in QD’s
spatial position. In order to obtain multiple devices with
high yields at one time, we utilized the wide-field PL
imaging technique to deterministically fabricate coupled
CBG-QD devices®™*"*?, In such a process, metallic
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Fig. 3 The device fabrication flow. a Preparation of alignment marks and the extractions of QD positions via a PL imaging process.

b Deterministically coupled QD-CBG devices fabricated by an aligned E-beam lithography, a dry etch, and a wet etch process. ¢ The CBGs are picked
up by attaching and quickly peeling off a transparent rubber stamp. d Fabrication of a micropillar array based on the relative positions of QDs in (a).
e Fabrication of micropillar laser arrays with electrodes. f Accurately placements of multiple CBGs on top of the micropillar array, resulting in i the final

structure. The successful transfer with a high accuracy is supported by the microscope image (g) and SEM image (h)

alignment marks were firstly prepared on an III-V QD
wafer and then the spatial positions of individual QDs
respective to the alignment marks were extracted from PL
images, as shown in Fig. 3a. The deterministically coupled
QD SPSs were then obtained by an aligned E-beam
lithography, a chloride-based dry etch and a selective wet
etch, as presented in Fig. 3b. Then, we used transfer
printing to pick up multiple processed CBGs from the
substrate using a transparent rubber stamp, as schemati-
cally shown in Fig. 3c. On the other III-V wafer con-
taining quantum wells and DBRs, electrically-injected
microlasers were fabricated in a specific array based on
the relative positions of fabricated CBGs, with the similar
processing recipe for micropillar SPSs***?, as shown in
Fig. 3d, e. The micropillar array was covered with a ~2 um
thick BCB spacer between the microlaser and SPS in order
to maintain the cavity modes of the on-substrate CBGs.
Because the cavity mode slightly leaks out of the thin
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membrane in z direction, as shown in Fig. S(5), direct
placements of CBGs on tops of micropillars result in the
vanish of CBG modes, significantly reducing the bright-
ness of the SPSs. We then aligned multiple CBGs to the
micropillar laser array under an optical microscope and
released the CBGs on micropillars by slowly and gently
peeling the stamp off, as shown in Fig. 3f. A schematic of
the completed hybrid integrated SPS array is shown in Fig.
3i, in which multiple QDs coupled to CBGs can be
simultaneously pumped by the underneath electrically-
injected micropillar laser array. In a representative
microscope image of the transferred device, a CBG can be
clearly identified in the center of the micropillar laser, as
presented in Fig. 3g. The successful transfer printing with
a high alignment accuracy was further supported by a
scanning electron microscope (SEM) image of a test
device without planarizing the micropillar laser using
BCB, as presented in Fig. 3h.
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Fig. 4 Experiment setup and device characterizations. a Schematic of the experiment setup. BS: beam splitter. LPF long-pass filter, DM dichroic
mirror, BPF band-pass filter, SNSPD superconducting nanowire single-photon detector. b PL spectrum of excitonic states associated with a single QD
(red line) and the cavity mode of CBG (black line). € Comparison of the lifetimes for the QD coupled to the CBG (red) and a QD in bulk (black)
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The optical setup and the device characterizations are
shown in Fig. 4. The hybrid integrated devices are placed
on three-dimensional nanopositioners located in a closed
circle cryostat with a base temperature of 5.4 K. The QD
SPSs can be either excited by the on-chip micropillar
lasers or by external continuous wave (CW) and pulsed
lasers via a x 50 objective with a numerical aperture of
0.65. The emitted single photons are collected by the
same objective and sent to a monochromator for the
spectral analysis or to single-photon detectors for lifetime
characterizations and Hanbury-Brown-Twiss (HBT)
measurements, as shown in Fig. 4a. By applying a small
bias voltage to the micropillar laser, sharp excitonic lines
(red) from the single QD are identified in the uPL spec-
trum, as presented in Fig. 4b. The bright exciton (X1) is
spectrally close to the cavity mode (black) of the CBG.
The emission spectrum of the electrically-injected
micropillar laser is shown in the inset of Fig. 4b, featur-
ing a sharp lasing peak at 854 nm. Such near-infrared
micropillar lasers are compatible with industry-standard,
which renders practical application of our hybrid QDs
SPS-Micropillar laser device convenient. The coupling

between the QD and the CBG was revealed by the shor-
tened lifetime of X1. A lifetime of 529 ps for QD in the
CBG was extracted, corresponding to a Purcell factor of
2.5 compared to a lifetime of 1316 ps for the QD in bulk.
The large deviation of the simulated Purcell factor from
the experimental result is a combination of the non-ideal
QD position and the long carrier relaxation time under
above-band excitation™”,

A single-photon purity g”(0) as low as 0.03 +0.01
(deconvoluted with the detector response'”) under on-
chip excitation condition was extracted from the second-
order correlation measurement in an HBT interferometer,
see Fig. 5a. As a comparison, we used an external CW
diode laser at 854 nm to excite the QD and obtained a
very similar g®(0) of 0.02+0.01, as shown in Fig. 5b,
which suggests that the on-chip optical excitation by
integrated lasers can deliver the same performance as that
obtained under the widely-used external optical pumping.
The photon count rate and g(z)(O) as a function of the bias
voltage are shown in Fig. 5¢. Both photon flux and g®(0)
increase® ™’ with the rise of the applied bias voltage and
the maximal count rate (not saturated) up to 3.8 M/s with
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a g2(0) of 0.13 + 0.02 was obtained under the voltage of
2.2 V. Further increase of the bias voltage results in a rapid
quenching of single-photon emissions, which is probably
due to the detrimental thermal effect associated with the
BCB spacer. We further quantified the extraction effi-
ciency of the hybrid integrated SPS by externally exciting
the device using a femto-second (fs) pulsed laser with a
repetition rate of 79.6 MHz. The saturated count rate
under pulsed excitation (see Fig. S10) together with the
count rate under on-chip CW pumping are presented in
Fig. 5d. The generated photon rate is monitored con-
tinuously over 1h to check the long-term operational
stability of the device. Under the pulsed excitation, each
laser pulse is presumably to generate one single photon™,
By measuring the count rate in the single-photon detector
and carefully calibrating the system detection efficiency
(see details in SI), an extraction efficiency of 25.44% was
obtained for the hybrid integrated SPSs.

Discussion

To conclude, we have demonstrated hybrid integrations
of bright SPSs with on-chip electrically-injected micro-
pillar lasers. Assisted by the QD PL imaging technique,
our optimized transfer printing process operates at a
multi-device level, showing potential scalability for hybrid
integrated quantum photonics. The single QD in the CBG
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was optically pumped by an on-chip micropillar laser,
exhibiting a CW photon count rate of 3.8 M/s with g®(0)
of 0.13 +£0.02 under a high bias voltage and a very low
g?(0) of 0.03 +0.01 under a low bias voltage. Our device
experienced a Purcell factor of 2.5 and an extraction
efficiency of 25.44% thanks to the coupling of QD to the
CBG cavity mode. This work serves as a crucial step
towards energy-saving on-chip single-photon and entan-
gled pair sources for hybrid integrated quantum photo-
nics*”. Our devices could be simultaneously coupled to an
optical fiber array to realize the plug-and-play function,
which has broad application prospects in quantum key
distribution. Moving forwards, on-chip resonant excita-
tions (see a realistic proposal in SI) by spectrally tuning
the microlaser wavelength to the QD transition energies
could be pursued to further improve the photon indis-
tinguishability ~for advancing photonic quantum
technologies.

Materials and methods
Epitaxial growth of QDs

The samples were grown using solid source molecular
beam epitaxy on semi-insulating GaAs (001) substrates.
After deoxidization at a temperature of 680°C for
10 minutes and growth of 300 nm GaAs buffer layer at
660 °C, a 1000 nm Al sGag,As sacrificial layer was grown
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at 620 °C. The InAs QDs were embedded in the middle of
a GaAs layer with a thickness of 160 nm. The InAs QDs
were deposited at the temperature of (Tc-27) °C with an
indium flux rate of 0.004 ML/s and an As flux pressure of
5x 107 Torr. The deposition temperatures are calibrated
by the transition temperature Tc when the surface
reconstruction pattern of GaAs in high-energy electron
diffraction (RHEED) transfers from (2 x 4) to (2 x 3). Then
the InAs QDs were capped with a thin layer of 0.3 nm
AlAs and 6.5nm GaAs, followed by a 200s indium
flushing step at 660 °C.

Fabrication of the coupled QD-CBG

The process starts with the III-V wafer consists of a 160-
nm-thin GaAs membrane containing InAs quantum dots
(QDs) grown on top of a sacrificial layer (1pm
AlygGag,As) and a GaAs substrate. To acquire the posi-
tions of QDs, firstly, metallic alignment marks are created
on the surface of the sample with standard E-beam
lithography, metal deposition, and lift-off processes. Then,
the positions of the QDs respective to the alignment
marks are extracted from the wide-field PL images. The
PL imaging process has an accuracy of about 20 nm?®.
After that, the shallow etched CBGs with QD in the center
are fabricated through another aligned E-beam litho-
graphy followed by a chlorine-based dry etch process.
After removing the photoresist by oxygen plasma surface
treatments, we dip the sample in the acid solution of HF
10% for the necessary time to remove the sacrificial layer.
We finally obtain the suspended deterministically coupled
QD-CBG devices by drying the sample in isopropanol.
The detailed fabrication flow of the coupled QD-CBG
devices is presented in Supplementary Fig. S1.

Fabrication of the micropillar laser

The wafer consists of a single layer GaAs with QW
between 23(30) top(bottom) GaAs/AlyoGag As dis-
tributed Bragg reflector (DBRs) provided by EPIHOUSE.
In order to achieve an electrically pumped micropillar
laser, we need to properly dop the wafers. The epitaxial
n-type and p-type regions are realized by doping the GaAs
during the growth with silicon and carbon, respectively.
The first step in creating the micropillar laser is the fab-
rication of electrical contacts to the n-doped layers. We
obtain the Ni/Ge/Au/Ni/Au contacts on the back of the
wafer by E-beam evaporation, followed by an annealing
process. Then, the masks of the electrically-injected
micropillar lasers and alignment marks are fabricated in
a specific array based on the relative positions of fabri-
cated CBGs by using an E-beam lithography. After the
chlorine-based dry etch process, we use BCB to flatten the
micropillars to ensure that the upper surfaces of the
micropillars are just exposed. This process requires mul-
tiple spin-coatings of the photoresist, annealing, and dry
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etching processes. Finally, the positive electrode is created
by using an E-beam lithography, metal evaporation, and
lift-off processes. The detailed fabrication flow of the
micropillar laser is presented in Supplementary Fig. S2.

Transfer printing process

After the fabrications of the CBGs, we realize the
micropillars at the corresponding positions according to
the layout of the CBG array. Therefore, during the
transfer process, we can align multiple CBGs with
micropillars to achieve potentially scalable device inte-
grations. We show 20 of 26 transferred devices at one
time in Supplementary Fig. S5.
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