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ABSTRACT: A major step toward fully integrated quantum
optics is the deterministic incorporation of high quality single
photon sources in on-chip optical circuits. We show a novel
hybrid approach in which preselected III−V single quantum
dots in nanowires are transferred and integrated in silicon
based photonic circuits. The quantum emitters maintain their
high optical quality after integration as verified by measuring a
low multiphoton probability of 0.07 ± 0.07 and emission line
width as narrow as 3.45 ± 0.48 GHz. Our approach allows for
optimum alignment of the quantum dot light emission to the
fundamental waveguide mode resulting in very high coupling efficiencies. We estimate a coupling efficiency of 24.3 ± 1.7% from
the studied single-photon source to the photonic channel and further show by finite-difference time-domain simulations that for
an optimized choice of material and design the efficiency can exceed 90%.

KEYWORDS: Integrated quantum optics, nanowire quantum dot, single-photons, hybrid photonics

Experiments on photons have played a key role in our
understanding of quantum mechanics by probing the

quantized nature of electromagnetic radiation. Since Linear
Optical Quantum Computing (LOQC)1 was proposed, there
has been an ongoing effort to achieve a scalable platform for its
realization. Few qubit operations have been shown2,3 and up to
eight photon entanglement has been achieved4 using discrete
optical components and parametric down conversion. Although
many basic proof of principles have been demonstrated, a more
scalable approach is needed for complex architectures. Recently,
integrated photonics has gained significant interest as it offers
scalability, robustness, and ease of use for on-chip quantum
computation.5−9

A LOQC system comprised of three main components:
single photon generation, manipulation, and detection. Single-
photons used in integrated photonic circuits are often
generated using parametric down conversion or quantum
dots (QD). As opposed to parametric down conversion, QDs
are suitable for on-demand single photon generation10 and
narrow emission bandwidth, their emission wavelength can be
tuned,11−15 and they offer the possibility of on-chip electrical
excitation.16 As for the logical quantum gates, every discrete
unitary operator can be realized using only mirrors and beam
splitters.17 This makes the integrated photonic platform very
attractive due to the already available components for passive

and active light manipulation.18 In addition, for single photon
detection, >90% system efficiency has been achieved.19

However, to realize an efficient LOQC system, it is required
to interface all of these often incompatible technologies.
Significant efforts have been put into realizing LOQC on-

chip. For on-chip detection, efficient coupling of super-
conducting nanowire single-photon detectors (SNSPD) with
dielectric waveguides has been demonstrated.20,21 As for the
gate operations, complex photonic circuits for quantum
operations have been realized.22,23 In addition, QDs have
been coupled to photonic cavities, nanowires, waveguides,24−26

and SNSPDs.27 Fabricating low-loss III−V waveguides and
selectively embedding single-quantum emitters is a chal-
lenge.28,29 Moreover, growing superconducting films (for
detectors) on these substrates often leads to low efficiency or
high dark counts.30

In this work, we present a novel hybrid platform through
integration of III−V preselected single QDs embedded in
nanowires within robust SiN photonic circuits. Unlike the work
with NV centers,31 we embed sources with directional
emissions that is perfectly suited for coupling to the
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waveguides. Figure 1a provides an artistic visualization of such
an integrated quantum circuit element. The red spheres
represent single photons that are coupled to the waveguide in
the forward direction. The indium phosphide nanowires are
1.5−3 μm in length and 250−300 nm in diameter with a 3−4
nm section of indium arsenide phosphide, forming the QD,
located 200 nm from their base. During growth, once the
length of the nanowire is longer than the diffusion length of
indium, it tapers with an angle depending on the growth
parameters.32 For the photonic channel, the waveguide height is
200 nm with a width of 2 μm near the nanowire region to
simplify alignment during fabrication. The waveguide is then
tapered adiabatically to 800 nm for single mode operation. The
SiN layer is formed using plasma enhanced chemical vapor
deposition (PECVD) with a measured refractive index of ∼2
near the QD emission (see Supporting Information Note.1).
Our design allows for strong overlap of the QD electric

dipole moment and the fundamental modes of the waveguide
since the z-quantization axis of the QD is aligned along the
propagation direction of the waveguide. The QD electric dipole
moment lies in the X−Y plane and can generally be represented
as a linear combination of the orthogonal transverse modes
(TE and TM) supported by the photonic channel. Figure 1b
shows finite-difference time-domain (FDTD) simulations of
coupling from the nanowire QD to TM and TE modes. The
insets illustrate the electric field intensity in the X-direction (TE
mode) and Y-direction (TM mode). For the given waveguide
and nanowire geometry, the theoretical QD to waveguide
coupling efficiency is 36%. Since the tapering length for our

nanowires is short, the coupling efficiency is similar for both
forward and backward directions (∼18% for each direction).
We transfer preselected high quality nanowire QDs on

silicon chips using a nanomanipulator. Our setup is a modified
version of previous works.33,34 It consists of a tungsten tip
mounted on an x−y−z movable stage imaged by a high
resolution optical microscope. The nanowire is detached at its
base from the growth chip, then due to van der Waals forces it
adheres to the tungsten tip. The nanowire is then transferred to
a silicon chip with <500 nm position and <2 degrees rotation
precision. Inset 1 of Figure 2a was captured while a nanowire
was being transferred using a nanomanipulator. The chip was
prepared with 2.4 μm of buried silicon oxide serving as a low
index buffer between the SiN waveguide and Si substrate, as
well as prefabricated markers to align the photonic circuit with
respect to the nanowire. These markers allow for very precise
alignment of the nanowires within the waveguide circuits (<50
nm if required). After the nanowire transfer process we
encapsulate the nanowire in SiN, which acts as the core of the
photonic channel. The photonic circuits are patterned and
etched with respect to the alignment features and finally
cladded with PMMA for symmetric mode confinement (see
Supporting Information Note.1). Figure 2a shows a color coded
microscope image of a single nanowire positioned within a SiN
waveguide.
An important milestone toward monolithic integration of

quantum optical circuits is to operate and link multiple on-chip
sources. Using our method, it is possible to preselect many
quantum emitters, transfer them to a silicon chip, embed them
in waveguide material, select the desired ones (in terms of

Figure 1. (a) Schematic view of the device, where a III−V QD in a nanowire is embedded in a SiN photonic waveguide. The emitted photons are
depicted with red spheres propagating along the waveguide (only the forward direction is shown). (b) Three-dimensional FDTD simulations for the
embedded QD emission at 880 nm. Horizontal cuts of the electric field profile are shown for both of the orthogonal polarization directions. The SiN
waveguide boundaries are shown by the dashed lines. The insets show vertical cuts of the electric field intensity profile at the QD for both TE and
TM modes. The total simulated coupling efficiency for unpolarized emission from the dot to the guided modes in the SiN waveguide is 36% (∼18%
for forward and backward directions).
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emission wavelength, intensity, line width, etc.), and then route
their emission to different input ports of photonic circuits. Inset
2 of Figure 2a shows an optical microscope image of multiple
quantum emitters integrated on the same photonic circuit
(Supporting Information Note.3 and Note.4). Together with
electrical35 and strain tuning36 of nanowires, our approach
allows for complex fully integrated quantum circuits.
Figure 2b compares the emission spectra of a nanowire QD

before and after processing. The red spectrum originates from
the as-grown nanowire QD sample collected from the nanowire
tip, the green curve is the emission spectrum of the
encapsulated nanowire QD captured perpendicular to its
growth axis, and the blue curve is the spectrum collected
from the waveguide-facet. As observed in Figure 2b, even
without taking the facet-loss into account, the collected light
intensity from the waveguide-facet is ∼60 times higher than the
off-axis QD emission. This large difference is due to the high
mode matching between the electric dipole moment of the QD
and the fundamental modes of the waveguide. The peak
intensity of the QD emission measured from the waveguide-
facet is 10% of its intensity as measured when the nanowire was
still standing on the original growth chip (as-grown). We
attribute this decrease to the coupling loss from the nanowire
into the waveguide, the propagation loss in the waveguide and
the waveguide-facet loss. After transfer and deposition of SiN,
the QD emission is 1.5 nm (2.4 meV) blue-shifted due to
strain.37 We note that the small difference in the emission
wavelength between the blue and green spectra is attributed to

the difference in temperature of the two different mounts used
for on-axis and off-axis measurements.
Sources with long coherence time and high single-photon

emission probability are required for LOQC. To verify the high
optical quality of our integrated sources, we carried out a
scanning Fabry Peŕot measurement on an emission line of an
encapsulated QD presented in the left panel of Figure 2c. The
right panel of Figure 2c shows the measurement results. A
Lorenztian fit on the transmission spectra yields a FWHM of
3.45 ± 0.48 GHz. This value is a factor of ∼7 larger than the
Fourier-transform limit. The line width can be improved by
resonant excitation38 and further cooling of the sample.39 In
addition, we performed an autocorrelation measurement using
continuous wave excitation at 632.8 nm to determine the
single-photon purity of the photons guided along the photonic
circuit. The results are presented in Figure 2d. A multiphoton
emission probability of g2(0) = 0.07 ± 0.07 was measured.
Furthermore, from the fitted data, we estimate an emission
lifetime of T1 = 0.9 ± 0.1 ns. These results show the high
emission quality of the integrated sources, despite several
processing steps including electron beam lithography, deposi-
tion, and reactive ion etching.
Our hybrid approach enables selection from a variety of

materials with low propagation losses for the waveguide. Shown
in Figure 3a, we measured the propagation loss for both TE and
TM modes of our waveguide using the cut-back method40 to be
4.0 ± 0.3 and 2.5 ± 0.4 dB/cm, respectively. This measurement
was conducted using a tunable laser at 880 nm to match the
quantum dot emission. The higher loss for TE is attributed to

Figure 2. (a) Color coded microscope image of a single nanowire (green) integrated in a photonic waveguide (purple). Inset 1 shows a single
nanowire attached to the tip of the nanomanipulator used during the nanowire transfer process. Inset 2 shows multiple selected nanowires coupled
to different photonic channels. (b) Emission spectrum of a standing as-grown nanowire sample (red), its spectrum after encapsulation captured
perpendicular to its growth axis (green), and finally, its emission collected from the end-facet of the SiN waveguide (blue). The emission is blue-
shifted after nanowire transfer and encapsulation in SiN due to strain. (c) A scanning Fabry Peŕot measurement (right) for an emission line from a
nanowire QD indicated by the arrow (left). The Lorentzian fit shows a narrow line width with a FWHM of 3.45 ± 0.48 GHz (Δλ = ∼0.009 nm). (d)
Second-order correlation measurement showing multiphoton emission probability as low as 0.07 ± 0.07.
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the larger overlap with the etched sidewalls as compared to
TM. Additionally, we characterized the facet losses of TE and
TM modes for different waveguide widths at the facet as shown
in Figure 3b. For our device, highlighted in Figure 3b, the
measured facet loss is 7.2 and 4.5 dB for TE and TM modes,
respectively.
We studied the emission intensity as a function of

polarization, shown in Figure 3c. Expected from the large
difference in the facet loss for TE and TM modes, our source
appears partially polarized. The facet losses can be improved by
reducing the waveguide width adiabatically41 to closely match
the TM and TE modes to the collection objective. As shown in
Figure 3b, for a 200 nm waveguide width at the facet, the
difference in TE and TM facet losses falls below 0.7 dB and the
total loss improves by ∼2 dB as compared to our current
device. This enhanced collection efficiency for smaller taper
width is similar to the case of as-grown nanowires,42 where the
tapered section of the nanowire is used for mode conversion
and improving the extraction efficiency.
Taking into account the waveguide losses and comparing the

emission spectra from the encapsulated device and from the as-
grown sample, we estimate a unidirectional nanowire QD to
waveguide coupling efficiency of ∼12.2 ± 1.7% (∼24.3% for
both forward and backward directions, Supporting Information
Note.5). The unidirectional coupling efficiency is smaller than
the theoretical value of 18%. To better understand the
remaining mechanisms for coupling loss, a scanning electron
microscope image of one of the devices is presented in Figure
3d. As is observed, the nanowire is not embedded at the center
of the photonic channel. During the deposition of PECVD SiN,
due to the gaseous process, material builds up isotropically on
all surfaces. This lifts-up the nanowire from the substrate,
reducing the overlap between the electronic transition dipole

moment of the QD and the electric field of the supported
waveguide optical modes. We calculate the coupling efficiency
as a function of vertical displacement of the nanowire with
respect to the waveguide center. The results are shown in
Figure 3e. The total simulated bidirectional coupling efficiency
for unpolarized light varies from ∼36% for a perfectly centered
wire to ∼22% for a wire that is lying on top of the waveguide
(no geometrical overlap). The coupling is slightly stronger for
the TE mode than the TM mode because of the asymmetric
geometry of the waveguide. To avoid nanowire displacement,
one can combine the PECVD process with a thin sputtered
layer of SiN to anchor the nanowires on the substrate.
Alternatively, other high quality sputtered waveguide tech-
nologies like aluminum nitride43 can be used.
High system efficiency is vital for many applications in

quantum optics.44 Therefore, to address and improve the
extraction efficiency from our sources, we theoretically optimize
the waveguide geometry and material. The optimized design
consists of a silicon carbide (SiC) waveguide suspended in air
with dimensions of 500 nm × 500 nm. The refractive index of
silicon carbide is 2.645 at the wavelengths of interest, which
provides a contrast of 1.6 with air cladding. Waveguides with
loss as low as 5 dB/cm can be made using SiC films deposited
by PECVD at temperatures compatible with our devices.46 We
performed 3D FDTD modeling to estimate the coupling
efficiency from a nanowire QD to the guided modes of a SiC
waveguide. The symmetric design of the waveguide closely
matches the coupling for both orthogonal electronic dipole
transitions of the QD. The coupling efficiency to each side is
∼46% (92% in total) for unpolarized light.
To produce on-demand single photons on-chip,47 all

photons must be steered in one direction. For this purpose
we designed a broadband 1D mirror consisting of etched

Figure 3. (a) Measurement of propagation losses for TE and TM modes using the cut-back method. TM and TE modes propagation losses are 2.5 ±
0.4 and 4.0 ± 0.3 dB/cm, respectively. (b) Waveguide-facet losses for TE and TM modes versus waveguide width at the end-facet. (c) Polarization
measurement on the collected photons from the waveguide-facet. (d) Colored SEM image of the nanowire-waveguide device. Shown in purple is the
SiN waveguide. The nanowire (white) in covered with a layer of SiN (green). The nanowire is shifted vertically from the center of the SiN waveguide
due to the nature of the PECVD process. (e) Simulated coupling efficiency for TE and TM photons emitted from the QD as a function of the
vertical offset Y of the nanowire from the center of the waveguide core. As shown in the two insets, a centered nanowire corresponds to Y = 0, while
for a nanowire lying on top of the waveguide Y = 200 nm.
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squares of dimensions 132 nm × 400 nm with a lattice constant
of 232 nm along the waveguide. Figure 4a illustrates the design,
and Figure 4b shows the coupling efficiency as a function of
wavelength. The device provides a unidirectional coupling
efficiency greater than 86% at 880 nm. As shown in the gray
highlighted area of Figure 4b, the coupling efficiency has
negligible sensitivity to polarization over the typical emission
range of our QDs. The polarization-insensitive high coupling
efficiency combined with symmetric waveguide geometry make
our device ideal for experiments with polarization-entangled
photons. Figure 4c represents the electric field intensity profile
of guided TE and TM modes at 880 nm.
In summary, we have demonstrated controlled integration of

preselected nanowire-based single quantum emitters into
photonic waveguides. Our novel technique enables scalable
integration of selected sources in complex photonic architec-
tures on a single chip. The integrated sources maintain their
high optical quality in terms of single photon purity, line width,
and intensity with a coupling efficiency to the photonic
waveguide as high as 24%. Furthermore, we showed
theoretically that for a suspended SiC waveguide, in
conjunction with a 1D Bragg reflector, a unidirectional coupling
efficiency greater than 86% can be realized. Coupling our
quantum emitters to on-chip photonic cavities will allow to
investigate the rich physics of cavity quantum electrodynamics,
thus enhancing the spontaneous emission rate to accelerate the
emission lifetime and approach Fourier-transform limited
photons. Finally, by local tuning of the emission energy of
single photon sources, indistinguishable photons can be
generated as a necessary step toward on-chip optical quantum
computation.
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Döscher, H.; Hannappel, T.; Löchel, B.; Barth, M.; Benson, O. Appl.
Phys. Lett. 2010, 97, 141108.
(34) Benyoucef, M.; Kiravittaya, S.; Mei, Y. F.; Rastelli, A.; Schmidt,
O. G. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 77, 35108.
(35) Reimer, M. E.; van Kouwen, M. P.; Hidma, A. W.; van Weert,
M. H. M.; Bakkers, E. P. A. M.; Kouwenhoven, L. P.; Zwiller, V. Nano
Lett. 2011, 11, 645−650. , PMID: 21226507
(36) Kremer, P. E.; Dada, A. C.; Kumar, P.; Ma, Y.; Kumar, S.;
Clarke, E.; Gerardot, B. D. Phys. Rev. B: Condens. Matter Mater. Phys.
2014, 90, 201408.
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