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ABSTRACT: Photonics-based quantum information technologies require efficient, high
emission rate sources of single photons. Position-controlled quantum dots embedded within a
broadband nanowire waveguide provide a fully scalable route to fabricating highly efficient
single-photon sources. However, emission rates for single-photon devices are limited by
radiative recombination lifetimes. Here, we demonstrate a multiplexed single-photon source
based on a multidot nanowire. Using epitaxially grown nanowires, we incorporate multiple
energy-tuned dots, each optimally positioned within the nanowire waveguide, providing single
photons with high efficiency. This linear scaling of the single-photon emission rate with
number of emitters is demonstrated using a five-dot nanowire with an average multiphoton
emission probability of <4% when excited at saturation. This represents the first ever
demonstration of multiple single-photon emitters deterministically incorporated in a single
photonic device and is a major step toward achieving GHz single-photon emission rates from a scalable multi-quantum-dot system.

KEYWORDS: quantum dot, nanowire, single-photon source, multiplexing

S ources of quantum light are an important resource in many
quantum information processing applications, including

quantum key distribution (QKD)1 and linear optical quantum
computing (LOQC).2 Single-photon sources based on semi-
conductor quantum dots offer close to ideal performance in
terms of efficiency and suppression of multiphoton emission
probabilities.3−6 Emission rates, however, are limited by the
radiative lifetimes of the excitonic complexes from which the
quantum light is generated. Higher rates can be obtained via
Purcell enhancement of the radiative decay using 3D
microcavities7 but will be limited by the onset of strong
coupling effects,8 undesired in certain applications.
An alternative approach, based on active multiplexing, has

been proposed to overcome the fundamental limitations
inherent to probabilistic sources based on parametric down-
conversion.9 For example, frequency multiplexing has been
demonstrated using heralded sources from broadband
spontaneous parametric down-conversion in a periodically
poled lithium niobate crystal.10 Using Bragg scattering four-
wave mixing for frequency translation, the authors multiplexed
three frequency modes generated by the crystal. Frequency
multiplexed single-photon sources based on single emitters
(i.e., suitable for on-demand operation) have also been
demonstrated.11 The sources were based on single quantum
dots deterministically incorporated in bottom-up photonic
nanowires,12,13 with the emission from two dots in two
separate nanowires coupled to the same ridge waveguide using
a pick and place approach.14 Frequency multiplexed sources

that offer higher single-photon count rates are desirable in
applications which do not require the photons to be
indistinguishable, for example, QKD based on the BB84
protocol.1 Furthermore, combining a frequency multiplexed
source with the recently demonstrated technique for frequency
converting a single-photon source15 allows one to envision
applications that also require the photons to be indistinguish-
able, such as measurement-device-independent QKD16 or
LOQC.2

A unique feature of bottom-up grown nanowires is the
ability to incorporate multiple quantum dot emitters in the
same nanowire, each optimally positioned for maximum
coupling to the same optical mode supported by the photonic
nanowire waveguide.17,18 In this work, we use this ability to
deterministically incorporate multiple frequency-tuned InAsP
quantum dot emitters within the same InP photonic nanowire.
We show that each dot emits single photons, and owing to the
broadband operation of nanowire sources19 combined with the
optimal positioning of each emitter, the photon emission rate
scales linearly with the number of emitters, an important step
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toward the development of high repetition rate single-photon
sources.
Scanning electron microscope (SEM) images of the

nanowire sources used in this work are shown in Figure 1.

The sources are fabricated by first growing an InP nanowire
core into which are embedded InAsP quantum dots (Figure
1a). The quantum dots are separated by InP spacers with
thicknesses of >50 nm to avoid dot−dot electronic
coupling.17,18 The nanowire core is then clad13 to produce
the photonic nanowire waveguide (Figure 1b), with a diameter
tailored to optimally couple the dot emission to the two
degenerate orthogonally polarized HE11 waveguide modes.
The electric field intensity of one of these modes is shown in
Figure 1c, with the red arrows indicating the direction of the
electric field. The top section of the cladding is tapered to
increase the coupling to the external optics, producing devices
with collection efficiencies in excess of 40%.20 Ground-state
emission occurs at λ ∼ 950 nm with near-transform-limited
line widths of 4 μeV20 and mean fine structure splittings of ∼3
μeV.21 Further details of the nanowire growth are given below.
In order to use the embedded quantum dots for wavelength

multiplexing, the emission energy of each dot needs to be
controlled and distinguished from its neighbors. This is
achieved by adjusting the composition of each dot using
AsH3 flow rates.22 We first calibrate the emission wavelength
dependence on AsH3 flow using a three-dot nanowire where
the flow is increased from 20 to 25% (measured as a percent of
a 5 sccm flow meter) for each subsequently incorporated dot.
The ground-state emission wavelengths for each flow were
determined from low-temperature photoluminescence (PL)
measurements using above-band continuous-wave (cw)
excitation (see below). The emission wavelengths from
measurements on 19 three-dot nanowires (57 quantum dots)
are summarized in the histograms of Figure 2a. The observed
distribution of ground-state emission wavelengths for nomi-

nally identical quantum dots is typical of the nanowire
system.22,23 We attribute the variation to a dependence of
the ground-state emission wavelength on the distribution of
arsenic atoms in the dilute quantum dot system24 as well as the
distribution in gold catalyst size.25 Using the resulting
calibration curve (Figure 2b), a five-dot sample was grown
targeting a spectral separation of 15 nm (chosen to clearly
identify which line corresponds to which dot in the nanowire
assuming an inhomogeneous broadening of ∼10 nm observed
in the histograms of Figure 2a).
A PL spectrum of a five-dot nanowire (NW A) pumped

using cw excitation is shown in Figure 2c. Five peaks are
visible, and the dot associated with each peak has been labeled
according to its position within the nanowire, with QD1 at the
bottom and QD5 at the top. Although the total wavelength
range covered is consistent with that expected from the
calibration measurements, QD2−QD5 are clustered toward
longer wavelengths and are separated by ∼7 nm, that is, a
factor of 2 smaller than expected. This may be due to initial
arsenic loading in the catalyst upon the first exposure to AsH3.
Nonetheless, Figure 2c demonstrates the required frequency
control to achieve frequency multiplexed operation.
We look next at the photon statistics of the emission from a

multidot nanowire. In this case, we choose a nanowire from the
same growth with quantum dot emission lines at λ = 915, 929,
931, 941, and 951 nm (NW B, Figure 3a). We first determine
the excitation power required to saturate the individual
transitions from power-dependent PL measurements using
above-band pulsed excitation at a repetition rate of 80 MHz
(see below). All transitions were observed to saturate at
approximately the same excitation power (Psat ∼ 1 μW), and
the detected count rate at saturation of each dot, Nsat, was
approximately equal (see Figure 3b). This suggests that both
excitation and collection efficiency are not strongly dependent
on the dot position or wavelength.
The pulsed second-order correlation function of each dot,

g(2)(τ), was measured using a fiber-coupled Hanbury−Brown
and Twiss (HBT) configuration.26 The nanowire emission was
coupled to a single-mode fiber and directed to a tunable, fiber-
coupled filter to select the transition to be measured. The
isolated transition line was sent to two fiber-coupled silicon

Figure 1. (a) SEM image of an InP nanowire core with three
embedded InAsP quantum dots indicated by arrows. The dots were
delineated using a H2SO4 dip, which selectively etches arsenic-
containing sections. (b) SEM image of the photonic nanowire (i.e., a
nanowire core after shell growth). (c) Calculated electric field
intensity of one of the two degenerated HE11 modes supported by the
photonic nanowire. (d) SEM showing an array of site-controlled
photonic nanowires.

Figure 2. (a) Histograms of the emission wavelengths of 57 quantum
dots from photoluminescence measurements of 19 three-dot
nanowires. (b) Calibration of the emission wavelength dependence
on AsH3 flow obtained from the data in (a). (c) Photoluminescence
spectrum using cw excitation of a single nanowire (NW A) with five
quantum dots. The dot number indicates the position of the dot in
the nanowire, with QD1 being at the bottom and QD5 at the top.
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single-photon avalanche photodiodes (APDs) using a 50:50
fiber-coupled beamsplitter (see below). Of the five quantum
dot lines seen in the emission from the nanowire, only the four
at longer wavelengths were addressable by the tuning range of
the filter. The second-order correlation function from these
four lines are shown in Figure 3c, measured at an excitation
power of Psat = 1 μW (i.e., where the count rates are highest).
Each quantum dot shows strong antibunching, with g(2)(0) <

0.5 indicating that they are all operating as single-photon
emitters. The background-corrected coincidences in the zero-
delay peak normalized to the side peaks for the four
addressable dots are shown in Table 1. No systematic

dependence of the coincidence counts in the zero-delay peak
on the position of the dot in the nanowire is evident. The
middle quantum dot (QD3) does show a markedly higher
value than the others, suggesting that absorption of photons
emitted from higher-energy dots may be contributing to the
counts at zero-delay for this particular dot (discussed below).
In Figure 4, we plot the total count rate detected at

saturation, = ∑N N
n

T 1 sat
, as a function of the number of

emitters, n, incorporated in the nanowire, where Nsat is taken
from Figure 3b. The total detected count rate for this source
(i.e., with five emitters) is NT > 2.2 Mcps. Moreover, the linear
scaling versus emitter number demonstrates equal collection
efficiency from each dot. Based on the average single-photon
purity of the emitters given in Table 1, we estimate a single-
photon count rate from the multiplexed source of 0.961nNsat

(i.e., limited only by the number of incorporated emitters).
We discuss next the dot-dependent probability of detecting

multiple photons per excitation pulse, which varies from 1 to
9% when pumping at saturation. All four dots in Figure 3c

show coincidence counts that approach zero at τ = 0, limited
by the timing resolution of the detectors. This demonstrates a
very low background emission from other sources in the
nanowire system. Moving in time away from τ = 0, the
coincidence counts increase and then decay. This is associated
with re-emission of photons from the quantum dot and varies
from dot to dot. The re-emission is seen more clearly in Figure
5, where we plot the power-dependent g(2)(τ) for QD3.

This type of re-emission has been associated with re-
excitation of the quantum dot after the initial radiative decay
by carriers generated during the same excitation pulse.27,28 Re-
excitation processes are typically observed when using above-
band pumping, which produces an excess carrier density within
the dot matrix (i.e., in the InP) that is available to repopulate
the dot. This process will be excitation-power-dependent with
a higher degree of re-excitation occurring at higher pump
power.
For the dots studied here, the re-excitation probabilities are

seen to vary from dot to dot, whereas re-excitation directly
from pump-generated carriers should result in equal proba-
bilities for each dot for uniform excitation. Here, we argue

Figure 3. (a) PL spectrum of NW B measured at an excitation power
Psat = 1 μW using pulsed excitation at 80 MHz. (b) Power-dependent
detected count rate for each dot line in (a). (c) Second-order
correlation function using pulsed excitation at 40 MHz of quantum
dots QD2, QD3, QD4, and QD5 in NW B measured at Psat = 1 μW.
Solid red curves are model fits.

Table 1. Background-Corrected g
(2)(τ) in the Zero-Delay

Peak for the Four Dots in NW B at Different Excitation
Powers

power QD2 QD3 QD4 QD5

0.5Psat 0.016 0.051 0.026 0.010

Psat 0.029 0.094 0.023 0.012

2Psat 0.056 0.165 0.060 0.021

Figure 4. Total detected count rate, NT, from Figure 3b as a function
of the number of quantum dot emitters incorporated in the nanowire,
n.

Figure 5. (a) Excitation power-dependent second-order correlation
function for QD3 in NW B. Solid red curves are model fits. (b) g(2)(τ)
measured at P = 2Psat, showing the short-delay bunching. (c) Power-
dependent g(2)(τ) in the zero-delay peak for the four quantum dots
(solid symbols) and re-excitation probability extracted from the
model for quantum QD3 (open red circles).
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against a nonuniform absorption of the pump (for example,
carriers predominantly generated at the top of the nanowire)
as that would produce a systematic variation in re-excitation
probabilities based on the dot position, which is not observed.
For re-excitation directly from pump-generated carriers, the
probability of re-excitation will necessarily go to zero in the
absence of excitation, which is the case for QDs 2, 4, and 5 but
not QD3 (see Figure 5c). We believe a more likely source of
re-excitation when pumping weakly is the absorption of a
ground-state photon from a higher-energy dot that is resonant
with an excited state of QD3.
To get a better insight into the processes responsible for the

zero-delay counts, we simulate the re-excitation process using a
stochastic model to describe the exciton emission and
detection processes with re-excitation included as a competi-
tion between the barrier material band to band decay rate, the
carrier capture rate into the dot, and the radiative decay rate of
the dot (for details, see below and also ref 29). The model
applies to re-excitation from both carriers directly generated by
the pump as well as reabsorption of photons emitted by other
dots, with the capture rate in the latter interpreted as an
absorption probability. The simulated correlations, convoluted
with the detector response, are plotted in Figure 3c (solid red
curves) and are in good agreement with the measured spectra,
reproducing both the τ = 0 dip and the re-excitation peaks at
short delay.
We apply the model to the power-dependent correlations for

QD3, which demonstrated the highest g(2)(τ) in the zero-delay
peak of the four dots. The fits are shown in Figure 5a for pump
powers of 0.1 to 2Psat and a close-up of the counts near zero-
delay for 2Psat in Figure 5b. The power-dependent re-excitation
probability extracted from the model is shown in Figure 5c
(open red symbols) together with the measured power-
dependent g(2)(τ) in the zero-delay peak corrected for
background counts (solid red symbols). From a linear fit to
the data, we extract a finite probability of re-excitation at a zero
pump power of 0.012 for QD3. This nonzero re-excitation
probability in the limit where the pump power is extremely low
is consistent with a re-excitation process based on the
absorption of photons emitted by the other dots.
Although photon-mediated interactions between quantum

dots is of interest in other photonic-based quantum
technologies,30 here, it is undesirable and should be minimized.
This can be achieved, for example, by engineering the quantum
dots to have large ground- to excited-state splittings,24,25 such
that there is no overlap between the ground states of the higher
energy dots with any excited states of lower-energy dots.
In conclusion, we have demonstrated controlled emission

wavelength tuning of individual quantum dots in a single
nanowire with each dot emitting single photons. As each dot is
optimally coupled to the fundamental waveguide mode of the
nanowire, they behave as independent single-photon sources
with approximately equal efficiencies, evidenced by the similar
count rates at saturation. As a result, the total emission rate was
found to scale with the number of emitters, paving the way for
producing wavelength multiplexed single-photon sources
where the emission rate is limited by the number of
incorporated emitters. This number is limited by the spatial
constraints of the system and the tuning range and line widths
of the emitters. Single-photon emission in the InAs/InP
nanowire system has been demonstrated for wavelengths of λ =
900 to 1300 nm,13,22 whereas measured line widths of the
excitonic transitions are 4 μeV.20 One can therefore envision a

source consisting of 30 emitters in a 2 μm length nanowire
core energetically spaced by 5 meV. Given that nanowire
sources have demonstrated count rates at first lens in excess of
30 Mcps using 76 MHz pulsed excitation,20 such a source
would produce single photons with an aggregate emission rate
in the GHz range.
Although we have only discussed multidot single nanowires

suitable for frequency multiplexing (i.e., nondegenerate dots),
the ability to control the position and energy of individual
emitters in a single nanowire waveguide is relevant in the study
of other quantum-optical phenomena. For example, similar
devices grown using dots with degenerate ground states can be
used to produce super-radiant emission from the coherent
interaction of resonant emitters.31,32 Alternatively, reducing the
spacing between degenerate emitters is of interest in the study
of electronically coupled quantum dot systems.17,18

Samples. The nanowires were grown using chemical beam
epitaxy on patterned InP substrates consisting of single gold
catalysts centered in circular openings in a SiO2 mask (see ref
12 for details). First, an InP core with embedded InAsP
quantum dots was grown using a vapor−liquid−solid growth
mode. The diameter of the core and embedded quantum dots
was determined by the catalyst size (∼ 20 nm), whereas the
thickness of the dots (∼ 5 nm) was controlled by the growth
time. The composition (i.e., emission wavelength) of the dots
was determined via control of the AsH3 flow rate during dot
incorporation.22 After completion of the core, growth
conditions were adjusted to grow a shell around the core,
increasing the diameter to ∼250 nm13 while simultaneously
introducing a tapered tip in order to obtain devices with
collection efficiencies of ∼40%.20

Experimental Setup. PL measurements were made in a
closed-cycle helium cryostat operating at 4 K. The nanowire
quantum dots were pumped along the axis of the photonic
nanowire waveguide through a 100× objective. Continuous-
wave excitation was provided by a HeNe laser (λ = 633 nm).
For pulsed excitation, a diode laser at λ = 670 nm with a pulse
width of 100 ps and a repetition rate of 40 MHz (80 MHz)
was used for correlation (photoluminescence) measurements.
The dot emission was collected through the same microscope
objective and for spectral measurements was dispersed using a
grating spectrometer and detected with a liquid-nitrogen-
cooled CCD. The second-order correlation measurements
were made using a fiber-based HBT arrangement. The
emission from the nanowire was fiber-coupled and sent to a
fiber-based tunable filter (bandwidth ∼0.1 nm, tuning range λ
= 950 ± 30 nm) for spectral filtering of individual quantum dot
emission lines. The filtered emission was sent to two fiber-
coupled APDs (timing jitters ∼200 ps) via a 50:50 fiber
beamsplitter.

Modeling. Photon statistics are simulated using a stochastic
model to describe exciton emission and detection processes.29

Excitons are created by a continuous train of pump pulses with
a given period, followed by exciton emission at a time
determined by a random number selected from a distribution
weighted with the appropriate exciton lifetime. The model
assumes two possible states for the system: vacuum (no
excitons created) and a single exciton. The excitation rate is
controlled by adjusting the probability of elevating the system
from the vacuum to the exciton state. The resulting exciton to
vacuum decay leads to photon emission and detection at times,
which are stored, and the process is repeated through the pulse
train until a sufficiently accurate time distribution can be
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obtained. The completed detection time stream is allocated by
random selection into start and stop detector streams. Exciton
re-excitation after a particular pulse due to the decaying band-
edge carrier population is included via a competition between
carrier recombination time and exciton decay time.
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D.; Poole, P. J.; Reimer, M. E.; Zwiller, V. Deterministic Integration of
Single Photon Sources in Silicon Based Photonic Circuits. Nano Lett.
2016, 16, 2289.
(15) Singh, A.; Li, Q.; Liu, S.; Yu, Y.; Lu, X.; Schneider, C.; Hofling,
S.; Lawall, J.; Verma, V.; Mirin, R.; Nam, S. W.; Liu, J.; Srinivasan, K.
Quantum frequency conversion of a quantum dot single-photon
source on a nanophotonic chip. Optica 2019, 6, 563.
(16) Lo, H.-K.; Curty, M.; Qi, B. Measurement-Device-Independent
Quantum Key Distribution. Phys. Rev. Lett. 2012, 108, 130503.
(17) Khoshnegar, M.; Huber, T.; Predojevic,́ A.; Dalacu, D.;
Prilmüller, M.; Lapointe, J.; Wu, X.; Tamarat, P.; Lounis, B.; Poole, P.;
Weihs, G.; Majedi, H. A solid state source of photon triplets based on
quantum dot molecules. Nat. Commun. 2017, 8, 15716.
(18) Carlson, C.; Dalacu, D.; Gustin, C.; Haffouz, S.; Wu, X.;
Lapointe, J.; Williams, R. L.; Poole, P. J.; Hughes, S. Theory and
experiments of coherent photon coupling in semiconductor nanowire
waveguides with quantum dot molecules. Phys. Rev. B: Condens.
Matter Mater. Phys. 2019, 99, 085311.
(19) Friedler, I.; Sauvan, C.; Hugonin, J. P.; Lalanne, P.; Claudon, J.;
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