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Chapter

Toward On-Demand Generation
of Entangled Photon Pairs with
a Quantum Dot
Arash Ahmadi, Andreas Fognini and Michael E. Reimer

Abstract

The generation of on-demand, optimally entangled photon pairs remains one
of the most formidable challenges in the quantum optics and quantum information
community. Despite the fact that recent developments in this area have opened new
doors leading toward the realization of sources exhibiting either high brightness or
near-unity entanglement fidelity, the challenges to achieve both together persist.
Here, we will provide a historical review on the development of quantum dots
(QDs) for entangled photon generation, with a focus on nanowire QDs, and address
the latest research performed on nanowire QDs, including measuring entanglement
fidelity, light-extraction efficiency, dephasing mechanisms, and the detrimental
effects of detection systems on the measured values of entanglement fidelity.
Additionally, we will discuss results recently observed pertaining to resonant
excitation of a nanowire QD, revealing the potential of such sources to outperform
spontaneous parametric down-conversion (SPDC) sources, providing a viable
solution to the current challenges in quantum optics and quantum information.

Keywords: nanowire quantum dot, entanglement, dephasing, resonant two-photon
excitation, fine-structure splitting

1. Introduction

Entangled photon pairs are one of the key elements for research and in emerging
quantum applications with successful results in quantum foundations [1, 2], quantum
communication [3–5], and quantum information [6–8]. Thus far, nonlinear crystals
exhibiting spontaneous parametric down-conversion (SPDC) [9–11] have been the
main source of generating entangled photon pairs for use in these areas. This type of
source results in photon pairs that exhibit near-unity entanglement fidelity, high
degrees of single-photon purity and indistinguishability in each emission mode, and
high temporal correlation. Moreover, these sources perform at or near room temper-
ature. However, there are fundamental limitations to such sources, which limit their
performance and scalability for use in quantum photonics; an ideal source is impera-
tive for optimal performance. One key feature of an ideal source of entangled photons
is the ability to perform on-demand, i.e., source triggering and extraction of light
must be possible with near-unity efficiency. SPDC sources follow a stochastic process
and therefore generate entangled photon pairs at random. Moreover, the probability
of multiphoton generation follows a Poisson distribution, and thus entanglement
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fidelity, single-photon purity, and photon indistinguishability [12] degrade when the
pump power is increased [13]. As a result, these sources only operate at extremely
low pair-production efficiencies, ϵp < 1%, per excitation pulse [14]. Hence, engineer-
ing and realizing an ideal source of entangled photons is necessary for the successful
future of entangled photon pairs for use in quantum photonics, a future made
brighter by semiconductor quantum dots (QDs).

Semiconductor quantum dots [15] are capable of generating pairs of entangled
photons based on a process called the biexciton (XX)-exciton (X) cascade [16]; this
cascade process is shown in Figure 1. The XXj i state is composed of two electron–
hole (e� h) pairs in the QD’s lowest energy level, i.e., s-shell. Each of these pairs
possesses an angular momentum jz with the superposition of jz ¼ �1. From the
XXj i state, there are two recombination pathways through the intermediate Xj i
state. Upon recombination, the e� h pair will emit either a left, Lj i, or right, Rj i,
circularly polarized photon corresponding to jz ¼ þ1 or jz ¼ �1, respectively, and
the QD final state at this step will be in the Xj i state. This transition, XXj i ! Xj i, is
referred to as the neutral biexciton, XX, transition. Relaxation to the ground state
occurs by the recombination of the remaining e� h pair in the Xj i state. The latter
transition, i.e., Xj i ! Gj i, is referred to as the neutral exciton, X, transition. This
recombination will emit a photon with a polarization perpendicular to that of the
first photon (XX), i.e., Lj iXX ! Rj iX and Rj iXX ! Lj iX . At the end of the process,
the two emitted photons will be in the polarization entangled state [16]:

Ψj i ¼ 1
ffiffiffi

2
p RLj i þ LRj ið Þ: (1)

Over the past three decades, QDs have been extensively studied with recent
advancements, as compared to other solid state quantum emitters [18–21], and have
produced sources which exhibit features closest to an ideal photon source [22]. The
first generation of QDs was self-assembled [23–25], which resulted in QDs with
various sizes and imperfect symmetry due to the random nature of the formation
process [13]. Moreover, since the bulk semiconductor material possessed a high

Figure 1.
The XX-X cascade. In the XXj i state, holes with jz ¼ � 3

2
and electrons with jz ¼ � 1

2
are paired, resulting in

exciton states with jz ¼ �1. The two e-h pairs will then lead to two different recombination pathways, with the
final state being a superposition of these two paths, i.e., Ψj i ¼ 1

ffiffi

2
p RLj i þ LRj ið Þ. For a more detailed description

of the QDs’ electronic structure, please refer to ref. [17].
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refractive index, these self-assembled QDs typically suffered from isotropic emis-
sion and total internal reflection at the semiconductor-air interface and thus
exhibited a low light-extraction efficiency of � 1% [26].

Recent developments in micro- and nanoscale crystal growth and fabrication have
resulted in structures which have improved the performance of QDs considerably.
Enhancement of the spontaneous emission of QDs was first achieved by coupling an
ensemble of QDs [27], and later a single QD, to a micro-cavity [28]. More recently,
the coupling of QDs to micro-pillar cavities has achieved light-extraction efficiencies
as high as 80% [29]. Also, such structures allow for proper control of the charge noise
around the QD and thus the suppression of detrimental dephasing processes from the
moving charge carriers. Excitingly, as a result, photons with > 99% indistinguish-
ability and single-photon purity have been reported [30].

However, such performance comes at a price. Due to Coulomb interactions [17],
XX and X emission lines are separated in energy by an amount referred to as the
XX binding energy, ΔXX�X . Within a typically used cavity with a quality factor of
Q � 10, 000, which is tuned to photons with the wavelength λ � 1μm, the cavity has
a bandwidth of � 10μeV. This small bandwidth is far less than a typical XX binding
energy of ΔXX�X � 1meV [31]. Therefore, either the X or the XX transition lines can
be coupled to the fundamental mode of the cavity, but not both as needed for a high-
efficiency entangled photon source. Furthermore, to avoid suboptimal entanglement,
coupling to the fundamental mode of the cavity should be polarization-independent.
Otherwise, one decay path in the cascade process would gain a stronger weight [32].
In an attempt to overcome these challenges, three studies have made considerable
gains. Dousse et al. [32] fabricated a micropillar cavity molecule and successfully
tuned both XX and X transitions to separate cavity modes in the molecule. Impres-
sively, the fabricated device was shown to improve the pair-extraction efficiency (ϵe)
by three orders of magnitude, ϵe ¼ 12%, as compared to a bare self-assembled QD;
yet despite this, the source still generates poorly entangled photon pairs with a
measured fidelity of F ¼ 67%. Other research by Chen et al. [26] showed the suc-
cessful fabrication of a broadband dielectric antenna, which enables a pair-extraction

efficiency of 37:2%, low multiphoton emission g 2ð Þ 0ð Þ≈0:002, and entanglement
fidelity, F ¼ 90%; however, the emission profile deviates from a Gaussian, and
photon indistinguishability of such sources is yet to be measured. Additionally, Wang
et al. [33] have engineered a circular Bragg grating bull’s-eye cavity around a single
QD showing a pair-extraction efficiency, ϵe ¼ 36:6%, and an entanglement fidelity,
F ¼ 90%. Despite these impressive gains, still none exhibit the promise of quantum
dots in realizing an ideal entangled photon source, showing near-unity entanglement
fidelity and pair-extraction efficiency.

Another important feature of QDs affecting the measured entanglement is the fine-
structure splitting (FSS) of the Xj i state, which is caused by the exchange interaction
of the electron and hole in the e� h pair, together with geometrical asymmetries of the
QD [34, 35]. As a result, in the XX � X cascade, there is a precession between the two
recombination pathways in the Rj i= Lj i basis (Figure 2(a)), and a non-degeneracy in
energy of the two pathways in the Hj i= Vj i basis will appear (Figure 2(b)). Therefore,
the two-photon quantum state described by Eq. (1) will change into:

∣~Ψi ¼ 1
ffiffiffi

2
p HHj i þ ei

δ
2ℏt VVj i

� �

¼ cos
δ

2ℏ
t

� �

Ψþ i sin
δ

2ℏ
t

� �

Φj i,
(2)

where Ψj i is the state described by Eq. (1), Φj i ¼ 1
ffiffi

2
p RRj i þ LLj ið Þ, and δ ¼ FSS.
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Due to the random nature of the growth process, self-assembled QDs have long
suffered from large base asymmetries, which resulted in FSS values larger than the
X emission linewidth. This feature will lead to the introduction of a which-path
information in the XX � X cascade that will degrade the entanglement between the
two emitted photons. For this reason, the early measurements on entanglement in
QDs [36, 37] only led to detection of classical correlations; nonclassical correlations
were only observed by improving the growth techniques and choosing QDs with
FSS ≈0 [38, 39]. In the recent past, several techniques have been proposed and
demonstrated in order to erase the FSS of QDs using electric fields [40–42], strain
[43], and an optical approach not requiring nanofabrication [44]. However, as we
show further along in the chapter, in order to reveal the effect of FSS on entangle-
ment fidelity of the emitted photon pair, a delicate understanding of the detection
system is also required. A recent study by Fognini et al. [45] shows that it is possible
to measure near-unity entanglement fidelity even in the presence of finite FSS.

To reveal the true potential of QDs, proper excitation schemes are needed in
addition to engineering sophisticated photonic structures. Until recently, off-resonant
excitation had been widely used to generate entangled and single photons fromQDs in
photonic structures. This scheme excites charge carriers to energy levels above the
bandgap of the host semiconductor, and relaxation of the resulted e� h pairs to the
QD’s s-shell, mediated by interactions with phonons, leads to the emission of entangled
photons. Admittedly, implementing this scheme is relatively straightforward, as the
large difference in the frequencies of the excitation laser and the emitted photons allow
for simple filtration of the reflected laser light. The excess of charge carriers and their
interaction with phonons will lead to detrimental effects such as inhomogeneous
broadening of emission lines [46], multiphoton emission caused by re-excitation pro-
cesses [47], increased jitter in emission time [48], and dephasing [45].

Direct population of XXj i is forbidden due to optical selection rules. However,
observation of resonant two-photon absorption in photoluminescence excitation
spectroscopy of QDs [49] has recently led to development of a resonant two-photon
excitation (TPE) scheme [50–52], which allows for coherent population of the XXj i
state. In order to perform this scheme (Figure 3), a linearly polarized excitation
pulse is tuned to a virtual state with an energy halfway between that of the ground
state, E Gj i, and biexciton state, E XXj i. This virtual state can also be thought of as a

transition level between that of the neutral exciton and that of the neutral biexciton
transitions. In other words, XXj i is coherently populated by a laser pulse, which is

Figure 2.
XX-X cascade in the presence of FSS. (a) Rj i and Lj i basis will be mixed and a precession between the two
pathways will be observed. (b) In the Hj i= Vj i basis, the transition energies will be split by FSS ¼ δ.
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resonant to neither X nor XX transitions. This method can lead to near-unity
population of the XXj i state [53] and an extreme suppression of multiphoton
emission of X and XX transitions [54].

In this review, we focus on attempts to improve the performance of entangled
photon generation in by embedding them in photonic nanowires, as well as the
effects of different excitation schemes in the performance of such sources. Addition-
ally, we will also cover the improvements achieved in photon extraction efficiency,
reduction of the dephasing processes, suppression of multiphoton emission, and
enhancing entanglement fidelity of nanowire QD based entangled photon sources.

2. Nanowire QDs

Embedding QDs in tapered nanowires was initially developed by using top-
down approaches via reactive-ion etching [55, 56]. Such photonic structures allow
for coupling of the QD emission to the waveguide’s fundamental mode in a broad
range of wavelengths, Δλ≈ 70nm. Claudon et al. [55] managed to achieve a light-
extraction efficiency of ϵ≈ 72%; however, top-down approaches are not flawless.
Defects are left at the surface of the nanowire due to etching of the substrate using
reactive ions, and additionally there is limited control in the positioning of the QDs
at the symmetry axis of the nanowire. It is important to note that these flaws lead to
suboptimal quality in the ultimate brightness of the source. As an alternative growth
approach in attempt to overcome these issues, pure wurtzite InP nanowires were
grown with a bottom-up growth approach and the quantum dot was placed on the
nanowire axis to ensure good (�95%) coupling between the quantum dot and
fundamental mode of the nanowire waveguide.

2.1 Bottom-up grown tapered wurtzite nanowire QDs

A novel bottom-up approach to growing tapered nanowires was used in the
work by Reimer et al. [57]. This innovative approach allowed, for the first time, the
positioning of a QD on the symmetry axis of the nanowire and at a desired height
with a precision of �100 nm (Figure 4). In this method, the growth of the

Figure 3.
Schematics of resonant TPE. A linearly polarized pulse is tuned to a virtual state halfway between X and XX
transitions (the dashed blue line); and the XXj i is coherently populated via a two-photon absorption process.
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nanowire core, InP, is initiated by a gold particle which defines the core of the
nanowire and ultimately the size of the QD, D≈ 20� 30nm. After reaching the
desired height, arsine is introduced to the growth chamber, and the QD, InAsP, is
grown. Then, by changing the growth conditions, the nanowire is grown radially in
order to create a shell D≈ 220nm, which facilitates the waveguide effect. In the last
phase of growth, the conditions are changed once again to achieve an ideal tapering
at the nanowire tip with an angle of θ< 2∘, which results in minimal internal
reflection for the emitted photons leaving the nanowire.

2.2 Optical properties

In terms of brightness, a value of ϵ ¼ 43 4ð Þ% for success probability of single-
photon extraction at the first lens has been reported [46]. However, theoretically
these sources allow for single-photon extraction efficiencies up to ϵ ¼ 97%, which
can be achieved by perfect tapering of the nanowire, θ ¼ 1°, placing the nanowires
on top of a flawless mirror and placing the QD at the correct height in order to
create perfect constructive interference [57]. In terms of multiphoton emission

(Box 1), second-order correlation, g 2ð Þ 0ð Þ, measurements yield values < 1%
[45, 46], showing a true single-photon emitter. The emitted photons exhibit
extremely narrow linewidths, δω< 1GHz, with coherence lengths exceeding 1ns.
Furthermore, a high level of visibility in a Hong-Ou-Mandel (HOM) measurement,
V ¼ 85%, has been observed, indicating highly indistinguishable photons [46].
Moreover, there is a close to perfect overlap, 98:8%� 0:1%, between the far-field
emission profile of these nanowires QDs and a Gaussian emission profile of a

1. Hanbury Brown and Twiss (HBT) setup

In order to quantify the multiphoton emission of a source, the second-order correlation function is

measured based on a setup first introduced by Hanbury Brown and Twiss [59] (Figure a). In this method,

the light emitted from the source is sent to a beam splitter and then detected by two single-photon detectors

D1 and D2. By correlating the intensities recorded by the two detectors in different time bins, one can gain

information about the emission pattern of the source. Considering the particle nature of photons, if the

source emits one and only one photon in each emission mode upon excitation, there will be no simultaneous

detection on the two detectors; in other words, there will not be any correlation at zero time delay:

g 2ð Þ 0ð Þ ¼ n1 tð Þn2 tð Þh i
n1 tð Þh i n2 tð Þh i ¼ 0, (3)

with ni tð Þ being the number of photons detected by detector i i ¼ 1, 2ð Þ at time t.

2. Hong-Ou-Mandel setup

In addition to single-photon emission, for an ideal entangled photon source, the emitted photons in

each mode should exhibit perfect indistinguishability. For measuring this feature, the Hong-Ou-Mandel

setup is used. Using a setup similar to that the HBT (Figure b) and considering the wave nature of the

photons, a HOM measurement enables one to test the degree of indistinguishability of the successive
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single-mode fiber; in practice, these sources have resulted in a coupling efficiency
over 93% into a single-mode fiber [58]. Impressively, this feature then allows for
possibilities in long-distance fiber-based quantum communication with high
efficiency through low-loss communication channels.

photons. In this scenario, two successive photons are brought together at the beam splitter for interference.

Now, at the beam splitter, four different possibilities exist (Figure c); photon 1 may be reflected and

photon 2 transmitted (case 1), photon 1 may transmit and photon 2 be reflected (case 2), both may transmit

(case 3), and, lastly, both may be reflected (case 4). With reflection from the two sides of the beam splitter

differing in a π phase shift, the third and the fourth cases are physically identical except for a general phase.

Therefore, in the interference of the two photons, these two cases will cancel out, leaving only the options

with the two photons going to either D1 or D2. Building a histogram out of the correlations of the two

detectors, similar to the second-order correlation measurement, exhibits zero coincidence counts at zero

time delay for the case of a source generating perfectly indistinguishable photons in each mode.

Box ¹.
Measuring multiphoton emission and photon indistinguishability of entangled photon sources.

Figure 4.
Schematic of the bottom-up nanowire growth process and SEM image of a tapered nanowire (right). The
growth process is initiated by a gold particle, which defines the dimensions of the QDf. After the quantum dot is
grown the waveguide shell and the tapered tip are fabricated around the QD by controlling the growth
parameters. This growth process ensures that the QD is placed on-axis of the tapered nanowire waveguide for
efficient light extraction.
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2.3 Entanglement measurements

Following the method introduced by James et al. [60], the first results in
measuring the degree of entanglement in bottom-up grown nanowire QDs were
reported in 2014 by Versteegh et al. [61]. In this work, using an above-bandgap
excitation scheme, the fidelity of the emitted XX � X pairs to a maximally
entangled state was found to be F ¼ 0:859 �0:006ð Þ, with a concurrence equal to
C ¼ 0:80 �0:02ð Þ, under strong post-selection conditions. The fidelity is reduced to
0:765� 0:002 with inclusion of 100% of the emitted photons. By changing the
excitation conditions to excite the QD at the wurtzite InP nanowire bandgap, Jöns
et al. [62] enhanced the fidelity of the same source as used by Versteegh et al. [61]
to F ¼ 0:817 � 0:002 by including all of the collected photon pairs. This strong
degree of entanglement allowed Jöns et al. [62] to perform a Bell type inequality
violation test, specifically the Clauser-Horne-Shimony-Holt (CHSH) measurement
[63]. The CHSH measurement yielded a violation of Bell’s inequality by 25 standard
deviations, clearly showing the promising features of bottom-up nanowire QDs for
secure quantum communication purposes. The experimental setup can be seen in
Figure 5. Initially, a pair of λ=2 and λ=4 waveplates corrects for the birefringence
observed in the nanowire, causing the entangled state to rotate to an elliptical state
instead of the expected Ψj i ¼ 1

ffiffi

2
p HHj i þ VVj ið Þ [61]. The stream of emitted photons

are separated by a 50/50 beam splitter and sent to two separate detectors tuned to
the specific wavelengths of the X and XX. In order not to be affected by the phase
introduced when photons hit the reflecting surface of the beam splitter, the λ=2 and
λ=4 waveplates used for projection measurements are aligned along the transmis-
sion path [62].

It is important to note that neither of the above-mentioned works addresses the
ultimate entanglement fidelity achievable for nanowire QDs. In addition to the
projection measurements, a more in-depth analysis is needed in order to reveal the
underlying physical mechanisms such as dephasing due to nuclear spins and charge
carriers through spin-flip processes. Moreover, the effect of FSS on the measured
value of entanglement fidelity deserves more care, since, even though lifting of the
degeneracy between the two decay paths in the XX � X cascade can be interpreted
as an introduction of a which-path information, the effect is purely unitary, and the
precession shall not destroy the entanglement alone. Here, the detection apparatus
will play a major role regarding the effect of FSS on the entanglement fidelity.

2.3.1 Dephasing-free entanglement in nanowire QDs

In an attempt to shed light on these finer aspects of generation of entangled
photons in nanowire QDs, Fognini et al. [45] studied an InAsP QD embedded in an
InP photonic nanowire, revealing the effects of dephasing, FSS, and imperfections
of the detection system on the values achieved for entanglement fidelity.

Figure 5.
Two-photon quantum state tomography setup. The setup consists of two pairs of λ=4–λ=2wave plate sets, which
combined with a pair of polarizors perform the projection measurements. A combination of λ=2 and λ=4 wave
plates is used to compensate for the birefringence, if it is present in the nanowire (the image is taken from Jöns
et al. [62]).
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The emission spectrum of the source is provided in Figure 6. Upon excitation of the
sample using a green laser at λ ¼ 520nm (Figure 6a), three sets of peaks can be
observed: the wurtzite InP bandgap at λ ¼ 830nm, levels attributed to the donors
and acceptors which are formed due to the presence of impurities such as beryllium
in the growth chamber, at λ≈ 870nm, and the s-shell of the QD at λ≈ 894nm. The
XX � X cascade can be generated by exciting the sample either at the InP bandgap
or the donor/acceptor levels. The charge environment around the QD is different in
the two cases. Whereas excitation at the InP bandgap (Figure 6b) leads to appear-
ance of a negatively charged exciton (X�), exciting the QD at the donor/acceptor
level will lead to emission of positively charged excitons (Xþ) and suppression of
the X� emission line. Moreover, using the donor/acceptor levels to excite the
quantum dot, this excitation scheme will fill the charge traps around the QD. As a
consequence, the charge mobility will be significantly reduced; a phenomenon
which we will show to be extremely effective in suppressing the dephasing caused
by the surrounding charge carriers.

Following a similar setup to the one used by Jöns et al. [62] (Figure 5), Fognini
et al. [45] conducted two-photon quantum state tomography on the XX � X cascade
in time intervals of 100 ps during the decay time of the exciton, which allowed for
the construction of the density matrix of the photon pair, and gave the opportunity
to observe the evolution of the two photon quantum state. The result of these

Figure 6.
QDemission spectra. (a) Emission spectrumby excitation via a green laser. Excitations at two different energy levels,
wurtzite InP bandgap at 830 nm and donor/acceptor levels at ≈ 870 nm, were used for performing entanglement
measurements; (b) the emission spectrum for 830 nm excitation exhibiting the exciton (X), biexciton (XX), and
negatively charged exciton (X�) lines. (c) Excitation at to 870 nm leads to an appearance of a positively charged
exciton (Xþ) and suppression of X�. The spectra in (b) and (c) were taken at the saturation power of X.
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measurements with excitation at the donor/acceptor levels can be observed in
Figure 7a, b. In Figure 7a, the results of the correlation measurements in the H=V
basis and R=L basis are presented. By setting the detector tuned to the XX emission
line as the “start,” and the other detector tuned to X line as the “stop” in the
correlation measurements, variations can be found within the coincidence counts in
different bases during the exciton decay. Plotting the correlation counts
RLþ LRð Þ � RRþ LLð Þ vs. decay time reveals the precession of the two-photon
quantum state between the two entangled states Ψj i and Φj i, according to Eq. (2),
with a frequency proportional to FSS. From a fit to the measured oscillation of the
two-photon quantum state, we calculate the FSS to be δ ¼ 795:52� 0:35 MHz. From
the HH þ VV correlation, a fit to the data yields an X lifetime of τX ¼ 847 � 6 ps.
Figure 7b shows the results of calculating the concurrence [64], C, of the two-photon
quantum state, with C ¼ 0 indicating no entanglement and C ¼ 1 showing a maxi-
mally entangled state, for time windows of 100 ps along the exciton decay time. The
gray bars indicate the time instances when the calculated concurrence is the highest,
A, and when the imaginary part of the density matrix is zero, B-D. The respective
density matrices of each instance is given in the subplots on the top right of Figure 7.
The concurrence reaches a value of C ¼ 0:77 � 0:02 at its peak, corresponding to a

fidelity of F ¼ 0:88, with a count-weighted average of C ¼ 0:62� 0:03.
Despite the fact that the value for concurrence does not reach near unity and that

after a peak around t ¼ 0, it suffers a significant reduction, the observed behavior
does not indicate the presence of a dephasing mechanism during the decay time of

Figure 7.
Dephasing-free entanglement (a) showing the correlation measurements HH þ VV and RLþ LRð Þ �
RRþ LLð Þ. The former does not show any oscillations as Hj i and Vj i are the eigenstates of the Hamiltonian,
whereas the latter reveals the precession of the state between Ψj i and Φj i, according to Eq. (2). The shaded gray
bars indicate instances with the highest concurrence, (A), and instances with the lowest imaginary part in the
density matrix (B-D). (b) The concurrence extracted from the correlation measurements at each instant of time,
for time windows of Δt ¼ 100 ps, along the decay time of the exciton. (c) Result of the correlations obtained
from the theoretical model (Eq. (4)) with the gray shaded bars indicating similar instances as for (a).
(d) Comparison of the measured values of the concurrence with that of the theoretical model, revealing the
dephasing-free nature of the XX � X cascade.
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the exciton. Fognini et al. [45] further investigated the change of the concurrence
value during the exciton’s emission time as compared to the measured values with a

model that included the parameters of the XX � X cascade, FSS, g 2ð Þ 0ð Þ of X and XX,
τX, etc., as well as the features of the detection system, including the detectors’ timing
resolution and dark counts, but did not include any term for dephasing.

Starting with the state described by Eq. (2), the expected values for 36 possible
projection correlations, Nij i, j∈ H,V,D,A,R,Lf gð Þ with the letters indicating the
photon polarization along horizontal, vertical, diagonal, antidiagonal, right, and
left, respectively, at time t and during a time interval Δt can be written as:

Nij tð Þ ¼ N0 ij Ψ t, δð Þjh ij j2n t, τXð Þ
� �

∗ g tð ÞΔt (4)

where N0 is the total number of photon pairs collected, δ is the value of FSS, τX is

the lifetime of the exciton state, n t, τXð Þ ¼ 1=τX e�t=τX
� �

describes the emission prob-

ability of an exciton following an exponential decay, ∗ is the convolution operator,
and g tð Þ denotes the detectors’ timing resolution function.

To construct the density matrix of the two-photon quantum state, Eq. (4) gives
the correlations in all 36 bases with the effect of the detectors’ timing resolution

function included. However, two additional factors should be included, g 2ð Þ 0ð Þ of X
and XX, and also the detectors’ dark counts. The dark counts will result in detection
of false correlations that are evenly distributed in time, which has to be added to the
raw correlations obtained by Eq. (4). On the other hand, the system studied by

Fognini et al. [45] exhibits values of g 2ð Þ
X 0ð Þ ¼ 0:003� 0:003 for X and g

2ð Þ
XX 0ð Þ ¼

0:10� 0:01 for XX by inclusion of the counts in a range of Δt ¼ 100 ps in the

proximity of t ¼ 0. A non-zero value of g 2ð Þ 0ð Þ for either XX or X results in the
addition of uncorrelated photons in the tomography measurement and thus a

reduction in the measured entanglement fidelity. Now, by only considering g
2ð Þ
XX 0ð Þ,

since g
2ð Þ
X 0ð Þ is negligible in comparison, one finds that uncorrelated photons are

being detected in g
2ð Þ
XX 0ð Þ fraction of the times, which has to be taken into consider-

ation. In other words, the density matrix constructed by considering the correla-
tions in different bases, described in Eq. (4), and addition of the effect of the dark

counts describe the behavior of the system only in 1� g
2ð Þ
XX 0ð Þ

� �

fraction of the

times. Therefore, the actual density matrix is expected to be:

ρsim tð Þ ¼ 1� g
2ð Þ
XX 0ð Þ

� �

ρraw tð Þ þ g
2ð Þ
XX 0ð Þ 

4
(5)

where ρsim tð Þ is the density matrix of the two-photon quantum state at a partic-
ular time t based on the simulation and after considering all of the factors; ρraw tð Þ is
the density matrix constructed from the correlation counts of Eq. (4), together with
the effect of the dark counts; and =4 is the density matrix of an uncorrelated pair of
photons, 1=4 HHj i HHh j þ HVj i HVh j þ VHj i VHh j þ VVj i VVh j½ �.

Figure 7c shows the calculated HH þ VV correlations obtained from Eq. (4), as
well as RLþ LRð Þ � RRþ LLð Þ correlations indicating the oscillation between jΨi
and jΦi, which shows a similar trend to the experimental results as shown in
Figure 7a. In the next step, we plot the evolution of the calculated concurrence
during the exciton lifetime in Figure 7d, based on the density matrix constructed
from Eq. (5). The measured values are plotted as light green circles, similar to
Figure 7b, and the results from the simulation are plotted as a solid red line.
Surprisingly, it is with great precision that the two data sets agree. The results from
the simulation follow the same trend as the measured values, with three regimes:
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(I) top, (II) flat, and (III) roll-off. Initially, as the detectors’ response function g tð Þ
detects more photons, the plot shows an increase in the concurrence reaching a
maximum. However, due to the low timing resolution of the detectors after a period
of time, the phase averaging of Eq. (2) becomes significant, and the measured
concurrence drops. Once the response function has been fully covered, the phase
averaging becomes constant, hence reaching the “flat” part. Finally, as the probability
of the exciton emission drops exponentially, the effect of dark counts dominates the
actual photon counts, and the tomography system will detect uncorrelated false
correlations from the dark counts, the part considered as “roll-off” whereby the
concurrence drops further. In addition to this close agreement, the count-weighted

average concurrence of the simulation yields Cρsim ¼ 0:61� 0:01, which agrees

extremely well with the earlier mentioned value from the measurement, Cρ ¼
0:62� 0:03, within the error. Thus, the behavior of the two-photon quantum state
can be explained by a model which assumes no dephasing, only considering the
general features of the source, and the detection systems timing resolution. This
indicates that the source at hand is not affected by dephasing during the the exciton
decay time once excited at the donor/acceptor level. Hence, this excitation scheme is
named “quasi-resonant,” as it shows a dephasing-free two-photon quantum state,
during the exciton’s decay time, without being excited resonantly.

In stark contrast, under non-resonant excitation at the wurtzite InP bandgap,
conducting two-photon quantum state tomography reveals the detrimental effect of
the surrounding charge noise on the entangled state. By comparing Figure 8a and b,
it becomes clear that shortly after the excitation laser moves to the InP bandgap, the
detrimental effects of the excessive charge carriers become evident, ≈0:5ns, after
the XX emission. Interestingly, these results indicate that during the exciton life-
time, interaction of the exciton state with the charge carriers is the main source of
dephasing, not the presence of large nuclear spins, as was generally believed in the
community; a finding which is in agreement with a previous work [65], wherein an
indium-rich QD was shown not to be affected by the nuclear spins during an
exciton lifetime of ≈ 2:5ns.

Figure 8.
Effect of the excitation scheme and detection system. (a) Comparison of the theoretical model and results from
quasi-resonant excitation indicate suppression of dephasing during the X decay time. (b) Off-resonant
excitation at the wurtzite InP bandgap, leads to the mobility of charge carriers and dephasing of the two-photon
quantum state shortly after the XX’s emission. (c) A combination of two different excitation schemes and
detection systems were used to produce the four curves: quasi-resonant excitation and avalanche photodiodes
(APDs) (red), resonant TPE and APDs (yellow), quasi-resonant excitation and superconducting nanowire

single-photon detectors (SNSPDs) (blue), and resonant TPE and SNSPDs (cyan). Imperfect g
2ð Þ
XX 0ð Þ values in

the case of quasi-resonant excitation (red and blue curves), as well as low timing resolution and relatively high
noise level of APDs (red and yellow curves), result in the deterioration of the measured concurrence.
Impressively, with the application of resonant TPE, and SNSPDs with a timing resolution of τd � 30ps, and
noise level of � 1Hz, the detection of perfect entanglement is expected.
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As mentioned earlier, the drop observed in the measured concurrence is the
result of the low timing resolution of the detectors. Therefore, it is expected that
once the detection system is improved, an enhancement in the measured concur-
rence will be observed. Figure 8c shows the result of a simulation when the features
of the detection system and/or the excitation scheme have changed. The red curve

shows the actual system at hand, quasi-resonant excitation, with g
2ð Þ
XX 0ð Þ ¼ 0:1,

together with a regular avalanche photodiode (APD) detection system, with a
timing resolution of τd � 300 ps, with τd being the FWHM of the response function
g tð Þ, and with a dark count rate of DC � 30 Hz. Upon resonant excitation, the
yellow curve, the multiphoton emission of the source is expected to vanish,

g
2ð Þ
XX 0ð Þ ¼ 0:0, and the uncorrelated photons will not enter the analysis, hence, an
expected increase in the concurrence value. However, the general shape of the
graph does not change. In the case of conducting the experiment with a fast, low-
noise detector, such as with superconducting nanowire single-photon detectors
(SNSPDs), with a timing resolution of τd � 30 ps and a dark count rate of
DC � 1 Hz, the blue curve, not only will the measured value of the concurrence be
enhanced, but the overall shape of the graph will change. The drop in concurrence,
observed in the case of APDs, will vanish, and the graph will only consist of the
“flat” and “roll-off” parts. However the blue curve still suffers from a non-zero
multiphoton emission. But, once the source is excited resonantly, and SNSPDs are
used, the cyan curve, remarkably, one expects to measure near-unity concurrence.

The count-weighted average concurrence in the latter case is C ¼ 0:996� 0:008.
The way in which the curve of concurrence vs. time is affected by the detectors’

response function g tð Þ can be analyzed in two equivalent ways. In the first approach,
a low timing resolution will result in averaging of the relative phase between the two
terms in Eq. (2) and turning the pure two-photon quantum state into a mixed state.
In this view, at each particular time t, the coincidence counts in the range
t� τd=2, tþ τd=2½ � will be included in the analysis. By dividing this range in shorter
time intervals, one can write the resultant measured density matrix, ρm, as:

ρm tð Þ ¼
ðtþτd=2

t�τd=2
n t, τxð Þρ tð Þdt (6)

where ρ tð Þ ¼ Ψ tð Þj i Ψ tð Þh j and n t, τXð Þ is the probability of the state being in the
state ρ tð Þ, based on an exponential decay. The rate of change in the density matrix is
proportional to the FSS, since FSS results in precession of the state between Ψj i and
Φj i according to Eq. (2). Therefore, in the case of a large FSS, and a low timing
resolution, the measured density matrix will be a result of a mixture of different
states in the time interval t� τd=2, tþ τd=2½ �. It was found that the time window for
tomography analysis can be chosen to be smaller than τd. In the measurements
presented here concerning time windows Δt< 100ps, the concurrence value does
not show any change; however, increasing the length of time window above 100 ps
reduces the calculated concurrence. This means that the effective time window is
slightly less than the FWHM of g tð Þ. It is straightforward to see that as the detectors’
timing resolution is enhanced, τd ! 0, the measured density matrix gets closer and
closer to the density matrix of a pure state at each instant of time, hence, an increase
in the measured concurrence.

In the alternate approach, the uncertainty in timing of the arrival of the photons
can be interpreted as an uncertainty in measuring the energy of XX and X,
according to ΔτdΔE ¼ ℏ=2. In this picture, the timing resolution of the detectors
competes with the which-path information introduced by the presence of FSS
(Figure 9). Because of this, a detector with low timing resolution (τd ≫ℏ=δ) will
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“notice” the energy difference between the two paths, thus degrading the entan-
glement fidelity. In contrast, a fast detector (τd ≪ℏ=δ) will render the two paths
indistinguishable, since the uncertainty in energy will be more than the energy
difference of the two paths. In this latter case, the entanglement will be retained and

Figure 9.
Detectors’ timing resolution and energy uncertainty. The detectors’ timing resolution, τd, directly leads to an
uncertainty in the energy of photons, ΔEτd � ℏ=2. For the case of a fast detector, τd ≪ℏ=δ, this uncertainty can
smear out the energy difference between the two decay paths and hence retrieve the entanglement, whereas a slow
detector, τd ≫ℏ=δ, will push the correlations more toward classical correlations.

Figure 10.
Resonant two-photon excitation of a nanowire QD. (a) The spectrum of the QD under resonant TPE. The X
and XX PL transition rates become more similar as compared to non-resonant excitation, indicating an
enhanced pair-production efficiency; and the charged exciton is significantly suppressed, indicating a reduction
of excessive charged carriers around the QD. (b) The power-dependent XX count rate exhibits a qualitatively
similar Rabi oscillation as the regular direct resonant excitations, qualitatively. (c) and (d) show the
comparison between results of g 2ð Þ

0ð Þmeasurements in the case of quasi-resonant and resonant TPE schemes, for
X and XX, respectively. Implementation of resonant TPE significantly reduces the emission time jitter of the two
states, as well as multiphoton emission of the XX state.
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will reach unity when the detector is fast enough to fully erase the which-path
information caused by FSS.

2.4 Resonant two-photon excitation

In an attempt to realize on-demand entanglement, we have performed
performed resonant two-photon excitation on the same sample used by
Fognini et al. [45]. The spectrum of the source under resonant TPE is given in
Figure 10a. As it is evident from comparing this spectrum with the spectra under
non-resonant excitation shown in Figure 6, the abundance of charge carriers sur-
rounding the QD is significantly suppressed, leading to a lower intensity of the X�

line, as compared to X and XX. Moreover, the PL transition rates of XX and X
become closer to each other, a fact that shows an enhancement in pair-production
efficiency. By integrating the area under the X and XX PL emission lines and
calculating their ratio, we have achieved a pair-production efficiency of ϵp ¼ 93:6%.
Proper population of the XX state is affected by the center wavelength of the
excitation laser, as well as its bandwidth, the length of which can be controlled via a
regular 4f pulse shaper. The population of the XX state in resonant TPE shows a
qualitatively similar Rabi oscillation as the regular resonant excitation (Figure 10b).
The center wavelength and bandwidth of the excitation pulse is chosen so that the π
pulse shows the highest possible count rate. Based on taking the setup efficiency
and the count rate detected at the π pulse into consideration, the pair-extraction
efficiency is reported to be ϵe ¼ 12:55%.

Moreover, under resonant TPE, the multiphoton emission is significantly
suppressed. Figure 10c and d show the results of the second-order correlation
function performed on the QD once excited at the donor/acceptor levels

and under resonant TPE. For resonant TPE, g
2ð Þ
XX 0ð Þ ¼ 0:0055� 0:0005 and

g
2ð Þ
X 0ð Þ ¼ 0:0024� 0:0002, which demonstrates a two order of magnitude
improvement in the case of XX, as compared to the values reported for
quasi-resonant excitation.

2.5 State-of-the-art entangled photon sources

The impressive potential for nanowire QDs in detecting entangled photon pairs
with near-unity entanglement fidelity is illuminated by the results of the resonant
two-photon excitation. Notably, we are now at a point where we can make a com-
parison between SPDC sources and state-of-the-art QDs in different structures, i.e.,
self-assembled, micropillar cavities, nanowires, etc. As mentioned earlier, the
Poissonian nature of photon-pair emission in SPDC sources limits the performance of
such sources to extremely low pair-extraction efficiencies. On the other hand, recent
advances in QD growth in various photonic structures have resulted in achieving high
entanglement fidelity and high pair-extraction efficiencies, simultaneously. Hüber
et al. [67] have reported on measuring an entanglement fidelity of F ¼ 0:978 5ð Þ, from
a self-assembled QD by strain-tuning the FSS down to zero. This significant result
demonstrates an extensive level of improvement as compared to the results gained
from the first generation of self-assembled QDs, where the entanglement fidelity was
much lower [38, 68]. The results reported by Fognini et al. [45], in conjunction with
the results achieved by resonant TPE, equip us with sufficient information to make
such a comparison, the ultimate potential of nanowire QDs in regards to both entan-
glement fidelity and pair-extraction efficiency, with the values reported for other
photonic structures mentioned earlier [26, 32, 33].
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The result of such a comparison is shown in Figure 11. The blue circles show
different values reported for entanglement fidelity vs. pair-extraction efficiency for
SPDC sources. The values are taken from [69] and [14]. The dashed line shows the
theoretical limit of such sources, following a Poisson distribution for the probability
of multiphoton emission [70]. The two solid red squares indicate the result of two
measurements performed on nanowire QDs by Jöns et al. [62] and Fognini et al. [45].
The latter work shows both an improvement in the measured entanglement fidelity
and an improvement in pair-extraction efficiency. Based on the results shown by
Fognini et al. [45] and the improvements gained by performing resonant TPE, we can
predict measuring near-unity entanglement fidelity once two important modifica-
tions are implemented: the resonant TPE scheme is employed, and the detection
system is improved to a fast and low-noise one. The final result that we predict by
implementing these two changes is shown by the hollow red square. This is an
extrapolation of results reported thus far on nanowire QDs based on the enhance-
ment achieved in pair-extraction efficiency and entanglement fidelity, as well as the
analysis presented in Figure 8c. Therefore, it is confidently predicted that nanowire
QDs have the potential to surpass and outperform that of SPDC sources, revealing the
significant potential of these sources for quantum communication purposes.

3. Conclusion and discussion

In this chapter, we have given a historical overview of previous methods for
attaining pairs of entangled photons from a QD, as well as included the latest

Figure 11.
Performance of state-of-the-art entangled photon sources. Comparison between various quantum light sources in
terms of entanglement fidelity and pair-extraction efficiency. Blue circles represent SPDC sources, values taken
from [69] and [14]. The dashed line shows the ultimate theoretical limit of such sources, with multiphoton
emission probability following a Poisson distribution. The red triangle shows results for a bare self-assembled
QD, whereas the red diamonds show the results for QDs in different photonic structures. The red solid squares
indicate the values reported for nanowire QDs so far. The analysis performed by Fognini et al. [45] and the
results obtained by Ahmadi et al. [66] strongly suggest that the sources used for these two studies have the
capacity to surpass the performance of SPDC sources once excited via resonant TPE and measured with a fast,
low-noise detector. The graph is adapted and modified from [62].
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research and subsequent recent advances toward enhancement of the performance
from such sources. Thus far, several photonic structures have been developed in
order to improve the low pair-extraction efficiency of self-assembled QDs, among
which bottom-up grown nanowire QDs exhibit considerable promise. Based on the
detailed studies of these sources under different excitation schemes along with
understanding the effects of detection systems and multiphoton emission on the
measured value of entanglement fidelity, we predict nanowire QDs can undoubt-
edly outperform SPDC sources, once excited via resonant TPE and detected by fast,
low-noise detectors.

Admittedly, despite the fact that the results that indicate near-unity fidelity are
achievable by nanowire QDs, the finite value of FSS will limit the performance of
the source once a particular entangled state is required. In this case, a post selection
on the collected photons is inevitable, since the two-photon quantum state pre-
cesses between the two entangled states Eq. (2). Strain fields [67], electric fields
[40], and magnetic fields [68] are the most popular approaches used for addressing
this issue; however, two recent proposals seem to be most compatible with a
nanowire QD. The first is the method proposed by Fognini et al. [44], which uses a
fast-rotating half-wave plate, realized by an electro-optical modulator, in order to
change the energy of the photons after they have been emitted and correct for the
energy splitting, thus making this approach a universal FSS eraser. The second,
proposed by Zeeshan et al. [42] on the other hand, corrects the altered symmetry of
the exciton’s wave function, due to presence of FSS, via application of a quadrupole
electric field, an approach which requires fabrication of electrical gates in the
proximity of the nanowire. In addition to FSS tuning, nanowire QDs have been
shown to be integrated into designs realizing performance of on-chip optical oper-
ations [71]. Such designs enhance light extraction and also allow for developing
scalable quantum photonic circuits, paving the way for performing quantum com-
putational processes on a photonic chip [72], using an on-demand entangled photon
source.

Excitingly, this research shows that despite the challenges experienced thus far
in generating on-demand and optimally entangled photon pairs, the results gained
from resonant excitation of a nanowire QD have in fact revealed the enormous
potential these sources have to outperform their predecessors. This research and
the realization of optimally entangled photon pairs it offers have given quantum
foundations, quantum communication, and quantum information a quantum
leap forward.
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