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Inspired by recent developments in the
control and manipulation of quantum dot
nuclear spins, which allow for the transfer
of an electron spin state to the surround-
ing nuclear-spin ensemble for storage, we
propose a quantum repeater scheme that
combines individual quantum dot electron
spins and nuclear-spin ensembles, which
serve as spin-photon interfaces and quan-
tum memories respectively. We consider
the use of low-strain quantum dots em-
bedded in high-cooperativity optical mi-
crocavities. Quantum dot nuclear-spin
ensembles allow for the long-term stor-
age of entangled states, and heralded en-
tanglement swapping is performed using
cavity-assisted gates. We highlight the
advances in quantum dot technologies re-
quired to realize our quantum repeater
scheme which promises the establishment
of high-fidelity entanglement over long dis-
tances with a distribution rate exceeding
that of the direct transmission of pho-
tons.

1 Introduction

The establishment of a quantum internet [1–3] is
required to realize many promising applications
of quantum science including long-distance quan-
tum key distribution [4], dense coding [5, 6], and
distributed quantum computing [7]. Photons are
a valuable resource for encoding and transmitting
quantum information because they move quickly,
exhibit quantum behavior at room temperature,
and can be conveniently initialized and manipu-
lated using linear optical devices. The transmis-
sion of photons using typical telecommunication
optical fibers is, however, subject to loss and the
rate of photon transmission decreases exponen-
tially with the length of the communication chan-

nel. Classical telecommunications overcomes this
loss through the use of optical amplifiers. A sim-
ilar approach is not possible in quantum commu-
nication due to the no-cloning theorem [8], which
states that it is impossible to create a copy of an
unknown quantum state. This problem can be
overcome in quantum communication using the
quantum repeater approach [9].

The most common approach to quantum re-
peaters is to distribute entanglement over the
length of a communication channel via a series
of locally established links [10]. Entanglement is
first generated over short distances, referred to as
local links, and then the entanglement is stored
in quantum memories. The local links are con-
nected through entanglement swapping [11] to ex-
tend the entanglement over longer distances. The
result of the protocol is the generation of an en-
tangled state between two qubits, referred to as
communication qubits, which can be used to tele-
port quantum states over the length of the com-
munication channel. Quantum memories [12, 13]
eliminate the need for simultaneous entanglement
generation in each of the local links which is diffi-
cult to achieve due to unavoidable optical losses.

A variety of platforms have been proposed for
the construction of a quantum repeater, includ-
ing atomic-ensembles [14], individual rare-earth
ions [15, 16], nitrogen-vacancy centers in diamond
[17], and semiconductor quantum dots [18].

Single electron spins confined in quantum dots
(QDs) offer fast initialization times, optical ma-
nipulation, and provide a promising route to-
wards scalable quantum devices with a large num-
ber of qubits. QDs have been established as re-
liable emitters of single photons with near-unity
indistinguishability [19–21] and there exist deter-
ministic and reproducible methods to fabricate
QD-cavity devices [22]. Experimental work has
already succeeded in producing entanglement be-
tween a QD electron and a single photon [23–25],
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as well as the heralded entanglement between dis-
tant QD electrons [26, 27].

In the past decade there has been significant
progress in the ability to control the interac-
tion between light and matter through the use of
QDs embedded in photonic nanostructures [28].
Strong coupling has been demonstrated in a sin-
gle QD-microcavity system [29], and probabili-
ties greater than 98% for photon emission into
a desired waveguide mode have been reported
for QDs coupled to a photonic crystal waveguide
[30]. Site-controlled QD fabrication techniques
such as the pyramid, inverted pyramid, nanohole,
and spatially selective H incorporation techniques
[31] demonstrate that the near-deterministic po-
sitioning of QDs within nanostructures is pos-
sible. Continued improvements in semiconduc-
tor fabrication technologies are quickly advancing
the fields of scalable, on-chip sources of quantum
light [32], and there have already been numer-
ous efforts to integrate QDs with photonic circuits
[33, 34].

A potential issue when considering the use of
QD electron-spin qubits arises from the hyperfine
interaction between the electron spin and QD nu-
clear spins. Nuclear spin diffusion occurs both
through the nuclear dipole-dipole interaction and
through a long-ranged nuclear spin interaction
in which nuclear spin flip-flops can occur virtu-
ally through the electron spin [35]. The spin ex-
change flip-flops result in a fluctuating magnetic
field (the Overhauser field) experienced by the
electron spin [36]. The noisy nuclear spin envi-
ronment contributes to the dephasing of the elec-
tron spin and has also limited the proposal of
promising quantum memories.

If QD electron spin states are used as commu-
nication qubits, then there are two approaches for
dealing with the influence of the nuclear ensem-
ble. The first is to mitigate the unwanted effects
via decoupling techniques, or possibly by using
QDs fabricated from isotopically purified II-VI
materials [18]. These methods could extend the
coherence time of the electron spins, such that it
is natural to ask if they could be used as both
communication qubits and quantum memories.

Quantum repeaters are expected to outperform
the direct transmission of photons for distances
greater than ∼ 500 km [10, 15]. For a memory-
based quantum repeater to be competitive, we
require quantum memories with coherence times

(T2) that are an order of magnitude larger than
the entanglement generation time (see Sec. 3).
The coherence times offered by QD electron spins
[37] are not likely to be sufficient to outperform
direct transmission for distances greater than ∼
500 km, and as such, electron spins alone are not
a viable option for QD-based quantum repeaters.

The second approach is to consider the hyper-
fine interaction as a valuable resource, which can
be used to control the nuclear spins and in fact
turn the ensemble into a quantum memory. QD
nuclear spins have the potential to serve as mem-
ories with exceptionally long storage times, as
lifetimes of several hundred seconds have already
been demonstrated for QDs [38] suggesting that
coherence times on the order of seconds are within
reach (see Sec. 2.1). Nuclear-ensemble memories
would, by default, associate every QD electron
spin qubit with an intrinsic local memory, result-
ing in a scalable platform. The notion of long
storage times in such a scalable system has led
to several proposals for quantum memories based
on QD nuclear spin ensembles [39–41].

Recent work [42] has experimentally demon-
strated that the spin state of a QD electron can
be mapped to the surrounding QD nuclear-spin
ensemble. The work of Gangloff et al. [42] has
provided the steps necessary to realize nuclear-
spin-ensemble-based quantum memories. Here
we propose a quantum repeater protocol which
utilizes QD electron-spin qubits and nuclear-spin-
ensemble memories as communication and mem-
ory qubits, respectively.

The paper is organized as follows. In Sec. 2
we introduce our quantum repeater proposal and
discuss the underlying principles of each compo-
nent in the scheme. The entanglement distribu-
tion rates are provided in Sec. 3. We present the
fidelity calculations for each of the components of
our scheme in Sec. 4, along with the overall fi-
delity. Considerations for the possible implemen-
tation of the proposal are discussed in Section 5.
We conclude in Sec. 6.

2 Quantum repeater protocol

In this repeater proposal, each node of the sys-
tem consists of two electron-spin qubits, both of
which are confined in separate QDs and are mag-
netically coupled to the nuclei of the surrounding
dot (N spin-I nuclei). In each node, both QDs are
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Figure 1: QD energy level diagram for (a) Faraday and
(b) Voigt configurations of the applied magnetic field. ↑
(↓) denotes an electron with spin up (down), ⇑ (⇓) de-
notes a hole with spin up (down), and the subscript de-
notes the spin basis. The transitions are driven by circu-
larly (σ±), vertically (V ), or horizontally (H) polarized
light. Our scheme will consider the use of the Voigt con-
figuration with excited (ground) states energy splitting
∆Ee (∆Eg) and a cavity coupled to the |↓〉 ↔ |↑↓⇓〉
transition. The |↑〉 ↔ |↑↓⇑〉 transition is far-detuned
from the cavity.

embedded in the same optical microcavity. The
system operates at liquid helium temperature (4
K). We limit our analysis to a single nuclear spin
species and provide justification of this assump-
tion in the context of the nuclear-spin-ensemble
memory (Sec. 2.3).

We propose the use of nanohole-filled droplet
epitaxial (NFDE) GaAs/AlGaAs QDs [43] in our
repeater scheme. This growth method produces
QDs with levels of strain that are sufficiently ho-
mogeneous to realize a high-fidelity state transfer
(see Sec. 2.3), yet the small variance in strain
across the dot results in the suppression of nuclear
spin diffusion [38] leading to a stable nuclear-spin
environment.

Experimental findings and nanofabrication
techniques for NFDE QDs are not as well-
developed as those of self-assembled QDs grown
using standard methods such as the Stran-
ski–Krastanov method. Our analysis requires nu-
merous parameters that have not yet been mea-
sured for NFDE QDs. As such, we draw inspi-
ration from various self-assembled QD systems,
clearly indicating when we do. A detailed discus-
sion of the progress that needs to be made with
NFDE GaAs QDs in order to realize our repeater
protocol is presented in Sec. 5.

The direction of an applied magnetic field with
respect to the growth direction of the QD will
dictate the allowable optical transitions. In the
Faraday configuration, where the magnetic field
is applied parallel to the QD growth direction
(taken to be the x-direction), the electron spin

eigenstates, denoted |↑〉x and |↓〉x, are split by
the Zeeman effect. The optically excited eigen-
states are known as trion states, which consist
of an electron spin singlet and a hole spin, de-
noted |↑↓⇑〉x and |↑↓⇓〉x. There are two strongly
allowed transitions that are driven by circularly
polarized light (σ±), as shown in Fig. 1a.

In the Voigt configuration, where the magnetic
field is applied in the growth plane (z-direction),
there are four transitions of equal strength that
are driven by linearly polarized light. The verti-
cal transitions are driven with vertically-polarized
light (V ), and the diagonal transitions with hori-
zontally polarized light (H), as shown in Fig. 1b.

The repeater protocol described here will make
use of the Voigt configuration, as the diago-
nal transitions offer improved initialization times
over the weakly allowed diagonal transitions in
the Faraday configuration [44, 45].

For each QD, the |↓〉 ↔ |↑↓⇓〉 transition is cou-
pled to the cavity mode, as required to perform
both the two-qubit gates and readout of the elec-
tron spin states. The remaining transitions are
far-detuned from the cavity, i.e. ∆Ee,∆Eg � κ
where ∆Ee (∆Eg) is the excited (ground) states
energy split and κ is the cavity linewidth.

To distribute entanglement over the length of
a communication channel, say between nodes A
and Z depicted in Fig. 2, the first step of the pro-
tocol is to independently generate entanglement
between QDs in nodes A and B, B and C, . . . , X
and Y , Y and Z. Immediately following entan-
glement generation pulses, the electron spin state
is transferred over to its nearby nuclear ensem-
ble, and the electron is ejected from the QD, so
as to extend the coherence time of the nuclei (Sec.
2.1). Once entanglement is established in each of
the local links, the QDs are recharged, the states
of the nuclear ensembles are transferred back to
the corresponding electrons, and entanglement is
distributed over neighboring links by performing
local gates between both QDs in an optical cavity.
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Figure 2: (a) To establish entanglement over a commu-
nication channel, entanglement generation is attempted
between electron spins in neighboring nodes (dashed
lines). Immediately following the entanglement gener-
ation pulses, each electron spin state is transferred to
its corresponding nuclear-spin ensemble and the elec-
tron is ejected from the dot. (b) Photon detection her-
alds the establishment of entanglement between nuclear
ensembles (solid lines), and entanglement generation is
re-attempted where unsuccessful. (c) The result is an
entangled state stored in the nuclear ensembles, in each
of the local links. (d) The QDs are then recharged with
electrons, the entangled state is transferred back to the
electron spins, and entanglement is sequentially swapped
using a cavity-enabled gate (dashed line), so as to extend
the entanglement over the length of the neighboring lo-
cal link. The electron spin and nuclear-spin ensemble
are shown separately for illustration purposes. In reality
the nuclear ensemble surrounds the electron spin.

Figure 3: Flowchart representing the operations required
for each node of the repeater protocol.

The repeater protocol can be described by the
operations required in each local link, and the se-
quence of operations can be visualized using the
flowchart shown in Fig. 3. The following sections
provide a discussion of each of the operations re-
quired by our repeater scheme.

2.1 Initialization of electron and nuclear spins
The electron spin can be initialized to the |↓〉
state through optical pumping of the |↑〉 →
|↑↓⇑〉 transition. Spontaneous decay into the two

ground states will initialize the electron spin to
the |↓〉 state within nanoseconds [46]. Once the
spin is shelved in the |↓〉 state it will not inter-
act with the driving field due to the difference
between the transition frequency and the laser
frequency.

A requirement of the nuclear-spin-ensemble
memory is for the ensemble to be initially polar-
ized to perform the electron-nuclear state trans-
fer with high fidelity. The polarization can be
achieved via a process called dynamic nuclear
spin polarization (DNSP) in which the electron
acts as a probe to the nuclear spins. Spin an-
gular momentum is transferred from the electron
to the surrounding nuclear spins resulting in the
polarization of the nuclei [47]. There has been a
significant amount of research done in the past
decade resulting in several methods to polarize
QD nuclei [47].

DNSP can be performed via nonresonant exci-
tation with circularly polarized light. The work
of Ref. [48] reported a nuclear polarization of
80% in GaAs/AlGaAs QDs which is currently
the largest achieved. Maximum polarization was
attained through the use of a high powered,
continuous-wave multimode laser tuned approx-
imately 0.05 eV above QD resonance. The ex-
periment was performed in the Faraday configu-
ration, however, various experiments have been
performed using optical pumping with circularly
polarized light in the Voigt configuration [49, 50].
In light of the recent advances made towards high
levels of nuclear polarization there is the poten-
tial that improved methods could lead the way to
achieving nuclear polarizations close to 100%.

We will consider the case where DNSP was
used to initialize the nuclear ensemble ofN spin-I
nuclei into the ideal state

|0〉 = |−I〉1 ⊗ |−I〉2 ⊗ · · · ⊗ |−I〉N , (1)

where |−I〉i denotes that the i-th nuclei (i ∈ N)
is in its lowest energy state. The effect of par-
tial initial nuclear polarizations will be discussed
in terms of the electron-nuclear state transfer fi-
delity in Sec. 4.2.

The nuclear memory coherence time is primar-
ily determined by dephasing due to the electron-
nuclear hyperfine interaction. The effect of
this interaction can be either reduced by using
electron-spin resonance spin-echo techniques, or
eliminated by removing the electron from the dot
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after state transfer. Considering the latter, we
estimate that dephasing of the nuclear spins due
to the hyperfine interaction is negligible over a
nanosecond timescale. As such, the nuclear spins
are expected to remain coherent if the electron
can be added/removed from the dot over such
a timescale. Progress has been made in this di-
rection, and it has been demonstrated that the
charge state of an InGaAs QD can be manipu-
lated in less than 1.4 ns [51].

When the QD is uncharged, the dominant de-
coherence process is spin diffusion via the nu-
clear dipole-dipole interaction. On one hand, it
is known that quadrupolar shifts resulting from
inhomogeneous strain will reduce the rate of nu-
clear spin diffusion, which is particularly true for
highly-strained InGaAs QDs [36]. On the other
hand, a high-fidelity realization of the state trans-
fer process requires a narrow distribution of in-
homogeneous quadrupolar shifts (see Sec. 2.3).
To that end, Ref. [38] has shown that while the
levels of strain in GaAs/AlGaAs NDFE QDs are
several orders of magnitude smaller than those of
InGaAs QDs, there is indeed sufficient variance in
the strain to obtain comparable diffusion rates.

NMR techniques can also be used to mitigate
the effects of nuclear spin diffusion. These tech-
niques are well-developed and can lead to nuclear
T2 approaching the second timescale [39, 40]. It
is therefore reasonable to consider nuclear coher-
ence times on the second timescale for an un-
charged dot, which are sufficient to complete the
repeater protocol for typical lengths of quantum
repeaters (500 km - 2000 km).

2.2 Entanglement generation
The generation of entanglement between the two
QD electrons in a local link of the repeater can be
accomplished using the scheme proposed by Bar-
rett and Kok [52] which has been used in practice
to generate entanglement between two electron
spins in diamond, separated by 1.3 km [53].

First, the spin state of the electron in each dot
is initialized to the |↓〉 state through the use of
optical pumping, as in the previous section. The
electron spin can then be coherently rotated to
the superposition state 1√

2(|↑〉+ |↓〉) using ultra-
fast pulses of light [54]. The application of a laser
pulse which is resonant with the |↓〉 → |↑↓⇓〉 tran-
sition, followed by spontaneous emission, will en-
tangle each electron spin state with the emitted

photon number.
The Purcell-enhanced lifetime of the cavity-

coupled transition is expected to be shorter than
the excitation pulse width required by the time-
bandwidth product to resolve the energy level
splitting, which can lead to the emission of mul-
tiple photons for a single excitation pulse. In or-
der to resolve the energy levels and prevent re-
excitation, we propose that the QDs are detuned
from cavity resonance to reduce the effective Pur-
cell enhancement.

For QDs with an optical lifetime on the order of
a nanosecond in a magnetic field of several Telsa,
the effective Purcell enhancement will be required
to be around 1-18 (discussed in detail in Sec. 5.2).
Purcell factors in excess of 100 are required for
a high-performance implementation of the two-
qubit gates, and as such, the QD should only be
detuned from the cavity resonance during the en-
tanglement generation step. Since the |↑↓⇓〉 state
can decay to either of the electron ground states,
we filter out the H-polarized photons at the ex-
pense of efficiency. Thus, when the electron is
in the state |↓〉 (|↑〉) there will be 1 (0) emitted
photon(s).

The photons are then directed towards a beam
splitter (BS) which is located at a mid-point be-
tween the two nodes. The detection of a single
photon in one of the two BS output modes will
project the electron spins onto an entangled state.
It is highly likely that photon loss will occur when
the spontaneously-emitted photons are directed
towards the BS. This can lead to the situation
where both QDs in the local link emit a photon,
yet only one photon is detected. In this situa-
tion, the electrons will be left in a product state
rather than an entangled state. To eliminate such
a possibility, the electron spins are flipped after
the first excitation-emission and a second excita-
tion pulse is applied.

The detection of two consecutive single photons
at the BS will leave the electron spins of dots
Di and Di+1 in the maximally entangled state
given by |Ψ±〉 = 1√

2(|↑i↓i+1〉 ± |↓i↑i+1〉), where
the +(−) sign corresponds to the case where the
same (different) detector(s) received a photon.

As mentioned in Sec. 2.1, we require the nu-
clear spin coherence times offered by uncharged
QDs. To that end, immediately following the
second excitation pulse, the electron spin state
is transferred to its nearby nuclear-spin ensem-

Accepted in Quantum 2021-10-15, click title to verify. Published under CC-BY 4.0. 5



ble and the electron is ejected from the dot. As
a result of this additional state transfer step in
our protocol, the detection of two photons will
project the nuclear ensembles onto an entangled
state, rather than the electron spins.

The entanglement generation process is per-
formed in each of the local links of the repeater
such that the final result is the generation of
piece-wise entanglement across the length of the
channel.

2.3 State Transfer

The spin state of an electron confined in a QD
can be transferred to the surrounding nuclear
spins of the dot through the strain-induced, non-
collinear hyperfine interaction [55]. State trans-
fer with high fidelity requires that the variance in
inhomogeneous quadrupolar shifts be less than
100 kHz (Sec. 4.2), which is attainable for low-
strain GaAs/AlGaAs QDs [48]. For reference,
the quadrupolar shifts in InAs QDs are strongly
inhomogeneous and are on the order of several
MHz [56, 57]. As such, we propose that low-
strain GaAs/AlGaAs QDs are nearly homoge-
neously strained using a piezoelectric actuator
[58, 59].

Transferring the electron spin state to the nu-
clear ensemble will extend the coherence time of
the quantum state, providing the time required
for entanglement to be generated in all of the lo-
cal links. The transfer of a single unit of angular
momentum to the nuclear ensemble corresponds
to the creation of a single nuclear magnon, the
elementary quantum unit of a collective nuclear-
spin wave. We will consider the nuclear-spin-wave
operators Φ±∆m, ∆m ∈ {1, 2}, which change the
net nuclear spin by ±∆m.

A nuclear spin transition corresponding to the
nuclear-spin-wave operator can be switched on by
a Hamiltonian-engineering pulse sequence on the
electron spin. Following the method used in Ref.
[55], which is described in detail in Ref. [60],
the electron spin is driven with a series of short
Sx and Sy pulses separated by a time interval τ .
The spin rotations can be carried out using an
all-optical Raman drive. The coupling between
the electron and the ∆m-mode is resonantly en-
hanced by setting τ = 3π/(4ωnZ∆m), where ωnZ
denotes the nuclear Zeeman frequency splitting,
resulting in a targeted change in nuclear spin of
∆m.

For nuclear spin species with sufficiently dif-
ferent Zeeman energies, as is the case for GaAs
QDs, the pulse sequence can selectively transfer
the electron spin state to the targeted nuclear
species. The system will then evolve under an
effective flip-flop Hamiltonian

H = A′∆m(Φ+
∆mS− + Φ−∆mS+), (2)

where S± = Sx ± iSy and A′∆m is a re-scaled
hyperfine coupling rate. The pulse sequence pro-
vides the ability to use the nuclear-spin ensemble
as the quantum memory that is required in our
repeater scheme. If we assume that the nuclear
ensemble was initially polarized to the ideal state
|0〉, and that the electron is in an arbitrary state
|e〉 = α |↑〉+ β |↓〉, then the system will evolve as

|ψ(t)〉 = α[cos(g∆mt) |↑〉 ⊗ |0〉
−i sin(g∆mt) |↓〉 ⊗ |1〉] + β |↓〉 ⊗ |0〉 ,

(3)

where g∆m is a collectively enhanced noncollinear
coupling rate [55], and |1〉 ∝ Φ+

∆m |0〉. The state
of the electron-nuclear system after a time t =
π/(2g∆m) is then

|ψ(π/2g∆m)〉 = |↓〉 ⊗ (−iα |1〉+ β |0〉), (4)

and the state of the electron spin has been trans-
ferred to the nuclear-spin ensemble. Using this
scheme, for example, it is possible for the state of
entangled electron spins in dots Di and Di+1 to
be transferred over their nuclear-spin ensembles
as

1√
2

(|↑i↓i+1〉 ± |↓i↑i+1〉) |0i0i+1〉

→ −i |↓i↓i+1〉
1√
2

( |1i0i+1〉 ± |0i1i+1〉).

(5)
If both electron spins are in the |↓〉 state, the

evolution of the system permits the original state
of the electron spin to be transferred back to
the electron from the nuclear ensemble using the
same sequence of pulses. Thus, once entangle-
ment has been generated in each of the local links,
the entangled nuclear states can be transferred to
the electron spins and the system is ready for the
entanglement swapping process.
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2.4 Entanglement swapping

We can distribute entanglement across neighbor-
ing links of the repeater through the use of the
cavity-assisted photon scattering (CAPS) scheme
described in Ref. [61]. This scheme has been re-
alized experimentally using rubidium atoms sep-
arated by several micrometers inside an optical
cavity [62]. A controlled phase-flip gate between
electron-spin qubits in the same cavity can be
performed by scattering a single photon off of the
cavity and detecting it. Measurement of the re-
flected photon both heralds the gate and makes
the fidelity of the gate robust against photon loss.

We propose the use of CAPS-based gates be-
cause the QDs can be separated by several hun-
dred nanometers [63], whereas performing the
gate via the electric dipolar interaction [18] re-
quires that the QDs be situated relatively close
together, around 20 nm. Additionally, experi-
mental demonstrations have shown that QDs are
promising on-demand single-photon sources with
high single-photon purity and indistinguishability
[64–66]. Implementation of these gates through
the use of other QD-cavity single-photon sources
represents a promising route towards scalable, on-
chip quantum logic [67–70].

A requirement for the photon scattering gate
is a high-cooperativity cavity, C = 4g2/κγ � 1
where κ is the cavity decay rate, g is the cavity
coupling rate, and γ is the decay rate of the quan-
tum system excited state. Note that here emitter
pure dephasing is neglected. High cooperativity
is achievable in both the bad-cavity regime where
κ� g � γ and the strong-coupling regime where
g � κ� γ [71].

This scheme also requires a single-sided cavity.
For both QD-electron systems, the |↓〉 ↔ |↑↓⇓〉
transition is resonant with the cavity and the
|↑〉 ↔ |↑↓⇑〉 transition should not interact with
the cavity, as shown in Fig 1. Since both ground
states can interact with the excited state with lin-
early polarized light, the |↑〉 ↔ |↑↓⇑〉 transition
should be far detuned from the cavity frequency.

When the frequency of the photon is resonant
with the bare cavity mode and if both electrons
are in the spin state |↑〉, an incident photon would
enter and reflect back from within the cavity.
This reflection causes the state of the electron-
photon system to acquire a π-phase shift. Al-
ternatively, when either or both of the electrons
are in the spin state |↓〉, the reflection properties

of the cavity are modified [72]. In this case, the
cavity acts as a mirror and the photon is reflected
back before entering the cavity. Under the ideal
conditions, the system acquires no phase change.

The result of the photon scattering scheme is
that there is a phase flip in the system only if both
electrons are in the state |↑〉. The cavity-assisted
photon scattering scheme realizes a controlled-Z
(CZ) gate [73]:

|↓↓〉 → |↓↓〉 |↓↑〉 → |↓↑〉
|↑↓〉 → |↑↓〉 |↑↑〉 → − |↑↑〉 .

(6)

Any two neighboring links in the repeater con-
sist of 4 QDs, which can be denoted byD1, D2, D3
and D4. Entanglement is generated between elec-
tron spins in dots D1 and D2, as well as between
dots D3 and D4.

For demonstration purposes, we assume that
the entangled states are both given by |Ψ+〉.
To perform the entanglement swapping between
nearby dots, i.e. D2 and D3, one needs to per-
form a controlled NOT (CNOT) gate between
them followed by state measurement of the elec-
tron spins. A CNOT gate can be performed by
first applying a Hadamard gate on D2. Then, a
CZ gate, as explained before, changes the phase
of the joint state of D2 and D3. Finally, another
Hadamard gate is performed on D2. After per-
forming the CNOT gate, we measure D2 in the
Z basis and D3 in the X basis. The latter is ob-
tained by applying a Hadamard gate on D3 and
then measuring it in Z basis.

Depending on the measurement results, the en-
tangled state between D1 and D4 will be pro-
jected onto one of the Bell states. Entanglement
swapping can be performed simultaneously with
other links of the repeater. The swapping pro-
cedure is repeated until an entangled state has
been generated between the electron spins which
are located at the endpoints of the transmission
channel.

2.5 State Measurement

Measurement of the electron-spin state is per-
formed by exciting the system in a spin-selective
manner and detecting the fluorescence. We pro-
pose the use of the AC Stark effect to adjust
the energy levels of the QD and obtain a cycling
transition [74, 75]. The application of a strong,
far-detuned, circularly polarized laser to a QD
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in the Voigt configuration results in an energy
level structure similar to the Faraday configura-
tion. In this pseudo-Faraday configuration, there
are two strong spin-preserving transitions and
two weak spin-flipping transitions. The two spin-
preserving transitions are nondegenerate, hence,
resonant excitation of one of them is a spin-
selective excitation. A projective measurement
of the QD electron spin may be accomplished
by a laser tuned into resonance with the cavity-
coupled |↓〉 ↔ |↑↓⇓〉 transition. It is therefore
necessary to tune the |↓〉 ↔ |↑↓⇓〉 transition into
resonance with the cavity after application of the
AC Stark laser.

If the laser is used to probe the QD from
above the QD-cavity plane, then the emission will
primarily be into the cavity mode which is in-
plane and orthogonal to the probe laser direction.
Purcell-enhanced emission is possible in this ge-
ometry as demonstrated by an InGaAs QD cou-
pled to a photonic crystal cavity [65]. Detection
of one or more photons leaves the qubit in the |↓〉
state, otherwise it is left in the |↑〉 state.

3 Entanglement generation rates

The performance of a quantum repeater scheme
can be quantified both by the rate at which en-
tanglement is distributed over the length of the
communication channel and by the fidelity of the
generated entanglement. The entanglement gen-
eration rate of our scheme is discussed in this sec-
tion.

In a magnetic field of several Tesla, it is ex-
pected that the nuclear polarization build-up
time is 1 − 10 s [76], the nuclear spin lifetime
is several hundred seconds [38] and the coherence
time is on the order of seconds when the dot is
uncharged. If the polarization decay processes as
a function of time is described by a simple ex-
ponential [77], and the polarization decay rate
is comparable to the nuclear spin lifetime, then
polarization decay is negligible over the coher-
ence time of the nuclei. We consider the case
where DNSP is performed at the start of the pro-
tocol, prior to the first entanglement generation
attempt in each local link.

High-quality QD telecom sources are not yet
available so our scheme will likely require the con-
version of ∼ 750 nm photons emitted from the
GaAs QDs to the telecom wavelength range (1.3-

1.5 µm) to match the low-loss wavelength range
of silica fibers. We discuss frequency conversion
in detail in Sec. 5.4 and assume here that the
conversion efficiency is ideal.

The success probability of generating an en-
tangled state between two QD electrons, sepa-
rated by L0, is p0 = 1

2(ζηtpηcηd)2, where ζ is
the Purcell-enhanced branching ratio [78] in the
Voigt geometry, ηt = e−L0/(2Latt) is the transmis-
sion probability of a photon subject to fiber at-
tenuation of 0.17 dB/km (Latt ≈ 25 km), p is the
probability of emitting a photon into the cavity
mode, ηc is the collection efficiency, and ηd is the
detection efficiency [10].

In our protocol, immediately after the sec-
ond entanglement generation optical π pulse, the
spin state of each electron is transferred to the
surrounding nuclear ensemble and the electron
is ejected from the dot to eliminate electron-
mediated decoherence of the nuclear spins. If
the entanglement generation attempt is unsuc-
cessful, then the QD must be recharged and the
nuclear and electron spins must be reinitialized.
Reinitialization of the nuclei is essential to en-
sure that the nuclear polarization is maintained
throughout the entanglement generation process.
Manipulating the charge state of a QD requires
∼ 1 ns [51] and the electron spin can be reinitial-
ized within several nanoseconds (Sec. 2.1). The
change in the nuclear polarization due to the elec-
tron state transfer can be reversed by reinitializ-
ing both electrons to the |↓〉 state and performing
a second application of the state transfer pulse se-
quence, such that the collective nuclear spin ex-
citation is transferred back to the corresponding
electron. Both electrons are then reinitialized and
rotated into the superposition state, and the en-
tanglement generation step is again attempted.
For a nuclear polarization of 95% the state trans-
fer time is at most 165 ns [55] using the param-
eters discussed in Sec. 4.2. The total time re-
quired to reinitialize the electron-nuclear system
after a failed entanglement generation attempt is
estimated to be τinit ≈ 0.2µs. The average time
of generating and storing entanglement in a local
link is

〈T 〉L0 =
(
L0
c

+ τinit

)
1
p0
, (7)

where c = 2× 108 m/s is the speed of light in an
optical fiber. An approximation for the time re-
quired for entanglement generation in two neigh-
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boring links is given by 3/2〈T 〉L0 [10].
Just after generating entanglement in two

neighboring elementary links, we recharge the
dots, transfer the collective nuclear state back
to the corresponding electron, perform entangle-
ment swapping, and store the entangled state in
the nuclear ensembles. These times are quite neg-
ligible compared to the time required to establish
two neighboring links.

After completing the CNOT gate, the states of
the two electron spins are measured. These mea-
surements are deterministic and the time required
to perform them is negligible (Sec. 4.4). The suc-
cess probability for the entanglement swap is then
ps ≈ pgate, where pgate is the success probability
of performing the photon scattering gate. Factors
which limit pgate include the efficiencies of single-
photon sources, single-photon detectors, and op-
tical losses of the circuit. An approximation for
the gate probability is given by pgate = ηsηcηcavηd
where ηs is the source efficiency and ηcav includes
the inefficiencies in the cavity.

The average time to distribute entanglement
over two neighboring links is

〈T 〉2L0 = 3
2
L0/c+ τinit

p0ps
. (8)

If the two QDs in each cavity can be individ-
ually addressed or filtered by wavelength such
that emission is directed to the associated BS,
then entanglement generation attempts can be
performed on neighboring links at the same time.
For a communication channel with length L and
l = L/L0 local links, entanglement can be created
over the distance L with n levels of entanglement
swapping operations. We refer to n as the nesting
level. The average time to distribute an entangled
pair over a distance L = 2nL0 is then

〈T 〉L =
(3

2
)nL0/c+ τinit

p0pns
. (9)

If one needs to generate entanglement over neigh-
boring links one-by-one, the above expression
changes to

〈T 〉L = 2
(3

2
)n−1 L0/c+ τinit

p0pns
. (10)

We chose to investigate the dependence of the
entanglement distribution rate on extraction ef-
ficiency as there has been significant progress in

recent years made towards the collection of single-
photon emission from QDs [79, 80]. We com-
pare the rates associated with several implemen-
tations of our scheme to a repeater scheme based
on a deterministic photon-pair source and two-
photon Bell-state measurement (referred to as a
2 + 2 scheme [81]). Such a scheme is particularly
relevant for GaAs QDs which can generate pho-
ton pairs via the biexciton-exciton cascade with
low multi-photon probability and high degrees of
entanglement and indistinguishability. Alterna-
tively, a comparison could have been made to
a scheme based on a single-photon source with
a single-photon Bell-state measurement (a 1 + 1
scheme [81]). Such a scheme is relevant for QD-
based repeaters which utilize external quantum
memories. We focus on the 2 + 2 scheme as the
corresponding entanglement generation rates are
expected to exceed those of a 1 + 1 scheme [81].

The average time to distribute entanglement
using a 2 + 2 scheme is given by [81]

〈T 〉′L =
(3

2
)n L0/c

p′0p
′
s
n , (11)

where p′0 = 0.5(ηtηsηd)2 is the probability of
generating entanglement in a single link, p′s =
0.5η2

dη
4
m is the entanglement swapping probabil-

ity, and ηm is the memory efficiency. Eqn. 11 is
valid when memory initialization times and mem-
ory decay are negligible over the timescales in-
volved in the repeater protocol.

The entanglement distribution rates of our
scheme (Eqn. 9) are plotted in Fig. 4 as a func-
tion of distance for various values of pηc, and are
compared to direct transmission (curve A) using
a single-photon source which produces photons at
10 GHz. We also compare to a 2+2 scheme (curve
E) with a photon-pair source efficiency ηs = 0.65
[82] and high memory efficiency ηm = 0.9, possi-
ble, for example, using a gradient echo memory
scheme [83]. A high-performance implementation
of our scheme (curve B) can be envisioned by con-
sidering an extraction efficiency of pηc = 0.72,
measured for a single InAs QD embedded in a
GaAs photonic nanowire [84], including the prob-
ability of emitting into the nanowire and the
nanowire-detector coupling. We have also plot-
ted pηc = 0.5 (curve C) and pηc = 0.4 (curve
D). The source efficiency, when implementing
the gate using a QD single-photon source, can
be approximated as ηs = p. Here we consider
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Figure 4: Comparison of entanglement generation rates
as a function of distance for (A) direct transmission us-
ing a 10 GHz single-photon source, and our QD-based
repeater scheme for (B) pηc = 0.72, (C) pηc = 0.5, (D)
pηc = 0.4. We considered ηd = ηcav = 0.9, a nesting
level of n = 3, and an effective Purcell factor of Fp = 16
during the entanglement generation step. We also com-
pare to (E) a repeater scheme based on deterministic
photon-pair source and two-photon Bell state measure-
ment, with source efficiency ηs = 0.65 and memory ef-
ficiency ηm = 0.9.

ηcav = 0.9 [85], ηd = 0.9, and a branching ratio
of ζ = 0.94 corresponding to an effective Pur-
cell enhancement of Fp = 16 (Sec. 4.1). For
pηc = 0.72, pηc = 0.5, and pηc = 0.4, we cal-
culate pgate = 0.58, pgate = 0.41, pgate = 0.32,
respectively.

Fig. 4 shows that extraction efficiencies of
pηc & 0.5 are required if our repeater scheme is to
outperform the 2+2 scheme. While such efficien-
cies are currently out-of-reach for GaAs/AlGaAs
QDs, they are achievable for self-assembled QDs
[84, 86]. The work being done on entangled
photon-pairs from GaAs QDs will naturally lead
to the desire to incorporate these dots in micro-
cavities. As such, we expect rapid development
in nanofabrication techniques resulting in QD-
cavity metrics for low-strain GaAs QDs that will
make it possible to realize the high-performance
implementation of our scheme presented above.
We further discuss this in Sec. 5. Finally, it is
expected that adapting our scheme to incorpo-
rate multiplexing [10, 15, 87] would increase the
achievable entanglement generation rates.

4 Fidelity

In this section we present the fidelity associated
with each of the components of our repeater pro-
tocol as well as the overall fidelity. The computa-

tions presented in the following sections consider
the fidelity as F = 〈ψ|ρ̂|ψ〉, where |ψ〉 is the de-
sired pure state and ρ̂ is the evolved state.

4.1 Entanglement generation

To calculate the fidelity of the entanglement gen-
eration step, we assume that the detection win-
dow is much longer than the optical decay time of
the system and that the spin decoherence is negli-
gible over the timescale of the lifetime of the QD.
Our scheme requires that the electron spin coher-
ence time can be extended from several hundred
nanoseconds to several microseconds. We discuss
various methods of satisfying this requirement in
Sec. 5.2. The fidelity of the Barrett and Kok
entanglement generation scheme is then given by
[16, 88]:

FBK = 1
2

[
1 +

4γ′iγ′i+1
(Γ′i + Γ′i+1)2 + 4δ2

ω

]
, (12)

where γ′k = γr,k(1 + Fp,k) + γnr,k is the cavity-
enhanced optical decay rate of the kth QD (k ∈
{i, i + 1}), Fp,k is the effective Purcell factor,
γr,k (γnr,k) is the radiative (non-radiative) decay
rate, Γ′k = γ′k + 2γ?k is the spectral full width at
half maximum (FWHM) of the homogeneously-
broadened zero-phonon line, γ?k is the optical pure
dephasing and δω is the detuning between the op-
tical transition frequencies ωi and ωi+1. Eqn. 12
is valid when the infidelity due to re-excitation
emission and phonon sideband emission is neg-
ligible compared to that of pure dephasing and
spectral diffusion.

To resolve the |↓〉 ↔ |↑↓⇓〉 transition and pre-
vent re-excitation, the QDs should be detuned
from cavity resonance during entanglement gen-
eration. The Purcell factor as a function of the
detuning between the kth QD’s transition fre-
quency, ωk, and the cavity frequency, ωcav, can
be expressed as

Fp = κ2

4(ωk − ωcav)2 + κ2Fres , (13)

where κ is the cavity linewidth and Fres is the
Purcell factor when the QD and cavity are res-
onant [78]. For Fres = 500 (Fres = 200), detun-
ing the QD transition frequency from cavity res-
onance by 2π× 275 GHz (2π× 200 GHz) [89, 90]
will result in Fp = 16 (Fp = 12) for a cavity decay
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rate of κ = 2π × 100 GHz [65] (the cited detun-
ings and cavity decay rate are for InGaAs QDs
coupled to photonic crystal cavities).

If we consider GaAs/AlGaAs QD samples with
negligible nonradiative decay channels (γnr �
γr), then γ ≈ γr = 2π × 0.59 GHz [91]. We then
use Γ = 0.64 GHz [91] to calculate the cavity-
enhanced optical decoherence rate for a specific
Purcell factor.

To account for spectral diffusion we fol-
low Ref. [88] and average Eqn. 12 over
a Gaussian distribution f(ωk − ωk, σk) =
(σk
√

2π)−1e−(ωk−ωk)2/2σ2
k for each QD frequency

ωk with an average value of ωk and a spectral dif-
fusion standard deviation σk. The entanglement
generation fidelity between QDs Di and Di+1 is
then given by

Fent =
∫∫

f(ωi − ωi, σi)

×f(ωi+1 − ωi+1, σi+1)FBK dωidωi+1.
(14)

For a Purcell factor of Fp = 500 (Fp = 200),
κ = 2π × 100 GHz, ωi = ωi+1 = ωcav + 2π × 275
GHz (200 GHz) and spectral diffusion FWHM of
2π×500 MHz (discussed in Sec. 5) for both QDs,
the fidelity of the entanglement generation step is
Fent = 0.995 (Fent = 0.993).

4.2 State Transfer

A numerically exact technique for calculating the
dynamics of the electron-nuclear state transfer
and the corresponding fidelity was developed by
Denning et al. in Ref. [55]. The spin state of
the nuclear ensemble is mapped onto two one-
dimensional chains of states. Each of these chains
represent the set of states corresponding to the
evolution of either the positive or the negative
spin wave. A transition from one state in the
chain to a neighboring state represents a spin
flip-flop between the electron and the nuclear en-
semble. The one-dimensional structure of these
chains can be attributed to the secular form of the
interaction Hamiltonian given by Eqn. 2, which
results in non-zero coupling between only neigh-
boring nuclear states in a chain.

The calculated fidelity considers a full write-
read cycle and is averaged over six initial
electron states α |↑〉 + β |↓〉, where (α, β) =
(1, 0), (0, 1), 1√

2(1,±1), 1√
2(1,±i). In the fol-

lowing, we consider the fidelity calculations to

include the effects of non-ideal electron spin
initialization, partial nuclear polarization, and
quadrupolar inhomogeneity. We assume that de-
coherence of the electron spin is negligible over
the timescale of the state transfer and further dis-
cuss this matter in Sec. 5.2.

For a nuclear polarization of 80% and an ex-
ternal magnetic field of Bx = 6.6 T, the ground
and excited states are split by ∆Eg = 32 GHz
and ∆Ee = 146 GHz, respectively (Sec. 5.2).
The relatively large splittings reduce possible off-
resonant excitation when the electron spin is ini-
tialized via optical pumping. As a result, the elec-
tron spin can be initialized to the |↓〉 state with
a fidelity of Fe,init = 0.99996, following Ref. [44]
for γr = 2π × 0.59 GHz [91].

In the case of partial nuclear polarization, the
asymmetry of the ideal and non-ideal coupling
rates, corresponding to the ideal and non-ideal
spin wave evolution, allows for a high-fidelity re-
alization of this quantum memory at realistic
mean nuclear polarizations. The fidelity asso-
ciated with the ∆m = 2 mode exceeds that of
the ∆m = 1 mode due to differences in the cou-
pling strength to non-ideal states. In the follow-
ing analysis we will consider the ∆m = 2 mode,
which can be obtained using the pulse sequence
described in Sec. 2.3.

We extract the effect of partial nuclear polar-
ization on the state transfer fidelity, by reproduc-
ing the electron-nuclear dynamics and fidelity cal-
culations described by Denning et al [55]. For
a full write-read cycle, a nuclear polarization of
95% (80%) will contribute a multiplicative factor
of Fn,init = 0.998 (Fn,init = 0.977) to the state
transfer fidelity, considering arsenide nuclei with
gyromagnetic ratios of g = 2π × 7.22 MHz T−1

[55], and a magnetic field of Bx = 6.6 T.
The presence of quadrupolar inhomogeneities

can lead to the build-up of a relative phase among
the individual nuclear spin components, rotat-
ing the |1〉 nuclear state into a set of excitations
which do not interact with the electron. The in-
dividual quadrupole energy shifts are given by
∆i
Q = Bi

Q(cos2 θi − 1
2 sin2 θi) [55], where Bi

Q is
the quadrupolar interaction strength of the i-th
nucleus (i ∈ N) and θi is the angle between the
i-th nuclear quadrupolar axis and the direction of
the applied magnetic field.

If we assume that the quadrupolar shifts
are normally distributed with standard de-
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viation σ(∆i
Q), then the population of the

nuclear state |1〉 will decay according to
exp[−∆m4σ(∆j

Q)2t2w/r] [55], where tw/r is the
timescale of a write-read cycle. Decoherence of
the |1〉 state due to quadrupolar inhomogeneities
is only an issue during state transfer, as it has
been suggested that the nuclear spins can be refo-
cused using an NMR pulse sequence during stor-
age [55, 92].

A quadrupolar inhomogeneity of σ(∆Q) = 50
kHz, achievable for GaAs/AlGaAs QDs [48], will
contribute a multiplicative factor of Fquad =
0.996 to the transfer fidelity, for the ∆m = 2
mode over the timescale of a full write-read cycle
(ttrans = 2× 165 ns).

The total state transfer fidelity, considering the
mentioned contributions, is given by

Ftransfer = Fe,init × Fn,init × Fquad. (15)

A state transfer fidelity of Ftransfer = 0.993
(Ftransfer = 0.973) for a full write-read cycle can
be obtained for a nuclear polarization of 95%
(80%), considering the values discussed in this
section.

4.3 Photon scattering
The fidelity of the photon scattering scheme in
the limit of C = 4g2/(κγ)� 1 is given by [71]:

Fgate = 1− 5
2C −

(δε1− δε2)2

2γ2C
− ξTgate

−
σ2
p + δ2

p

4γ2C2

[
11− 20

(2g
κ

)2
+ 12

(2g
κ

)4
]
,

(16)
where Tgate = 8π

√
2 ln 2/δp is the gate time de-

fined to be twice the FWHM duration of the pho-
ton, δp is the photon’s spectral standard devia-
tion, σp is the spectral diffusion standard devia-
tion, and δεi (i ∈ {1, 2}) is the detuning of the i-th
QD’s optical transition from the cavity resonance.
The fidelity definition used here is the square of
the definition used in Ref. [71], and as such, we
have modified Eqn. 16 to be consistent with the
other definitions of fidelity used in our work. Eqn.
16 was derived by assuming that the incoming
photon has a Gaussian spectral shape, however,
photons emitted from a QD-based single-photon
source are likely best described by a Lorentzian
shape. We will approximate the incoming pho-
ton to have a Gaussian spectral shape, as it not
expected to significantly affect the overall fidelity.

We limit our analysis to the high-performance
limitations in our scheme by assuming that deco-
herence processes other than cavity dissipation
and spontaneous emission occur on timescales
that are much longer than the gate time. These
additional decoherence processes are included in
our analysis by a single effective decoherence rate,
ξ, which we assume is dominated by the electron
spin decoherence, ξ = 1/2T2. In a high coopera-
tivity regime the probability for the incident pho-
ton to excite either of the QDs is very low because
the probability of the QD absorbing the photon is
inversely proportional to the cavity cooperativity.
Therefore, we neglect the optical pure dephasing
for this scheme. Eqn. 16 is valid to first order in
ξTgate, C−1, and (γTgate)−1; and to second order
in δεk/γ, σp/γC and δp/γC.

The following QD parameters are used in the
fidelity calculation γ = 2π × 0.59 GHz [91],
ξ = 1/2T2 = 2π × 1.6 kHz where T2 = 50µs
(discussed in Sec. 5.2) is the electron spin coher-
ence time, σp = 2π × 500 MHz, δε1 = δε2 , and
g/κ = 0.1. A source photon with δp = 2π × 2.4
GHz (corresponding to lifetime 1/γ and Purcell
enhancement of 3) gives Tgate = 8π

√
2 ln 2/δp = 2

ns. If we assume that the population lifetime is
equal to the radiative lifetime, as we did in Sec.
4.1, then Fp = Cγ/γr = C. For a Purcell fac-
tor of Fp = 500 (Fp = 200) the gate fidelity is
Fgate = 0.995 (Fgate = 0.986).

4.4 State measurement

The fidelity of the state measurement depends on
the branching ratio and the spin selectivity of the
excitation. For readout in the pseudo-Faraday
configuration, Ref. [74] estimated a fidelity of
Freadout = 0.762 without the use of a coupled
cavity, using feasible QD parameters for real ex-
periments. To put this estimation into context,
Freadout = 0.823 has been measured for InGaAs
QDs in the true Faraday configuration [93].

In the pseudo-Faraday configuration the theo-
retical probability for a QD, excited through the
transition |↓〉 → |↑↓⇓〉, to decay back to the initial
ground state is 0.98 [74]. This probability could
be further increased to unity in the presence of
a resonant cavity. Therefore, repeated excitation
of the QD through the |↓〉 ↔ |↑↓⇓〉 cycling tran-
sition will emit a large number of photons into
the cavity if the electron is in the |↓〉 state and
eventually one will be detected.

Accepted in Quantum 2021-10-15, click title to verify. Published under CC-BY 4.0. 12



Exciting the QD for longer than the Purcell-
enhanced lifetime is not an issue for state mea-
surement as it is for entanglement generation be-
cause we are not required to minimize the pos-
sibility of multiple photon emission and, hence,
the frequency bandwidth of the excitation laser
can be sufficiently small to resolve the transition.
It is therefore possible to perform the state mea-
surement using continuous-wave excitation.

The rate of emission from the system under
continuous-wave excitation is given by Ω2/γ′, for
a driving amplitude Ω � γ′. Assuming that
dark counts and detection events follow the Pois-
son distribution, the state measurement fidelity
is given by [94]:

Freadout = 1
2

[
1 + e−TD − e

−TηcηdΩ2

γ′

]
, (17)

where T is the readout time and D is the dark-
count rate. We consider D = 500 Hz [95], ηc =
ηd = 0.9, and a readout time of T = 600 ns to
maximize the fidelity. For a Purcell factor of Fp =
500 (Fp = 200) the state measurement fidelity is
Freadout = 0.99983 (Freadout = 0.99985).

4.5 Overall Fidelity

The overall fidelity of the repeater protocol can be
estimated by multiplying the fidelity associated
with each of the components of our scheme. For a
QD-based repeater with l = 2n elementary links,
the overall fidelity is given by

Ftotal = (Fe,init)2l × (Freadout)2(l−1)

×(Fent × F 2
transfer)l × (Fgate)l−1,

(18)

which is accurate only in the high-fidelity regime.
In Fig. 5 we present a contour plot of the

overall fidelity as a function of the Purcell fac-
tor and the nuclear polarization. We consider 8
local links, Fp = Cγ/γr = C, κ = 2π × 100 GHz,
a QD-cavity detuning of 2π × 275 GHz during
the entanglement generation procedure, and the
same values used in the last three subsections.

For a nuclear polarization of 95% and Fp = 500
(Fp = 200) our quantum repeater will have an
overall fidelity of Ftotal = 0.831 (Ftotal = 0.734).
A polarization of 80% and Fp = 500 (Fp = 200)
results in an overall fidelity of Ftotal = 0.596
(Ftotal = 0.526). In the idealized case where the
nuclear polarization is 99.9%, the overall fidelity

Figure 5: Contour plot of the QD repeater overall fi-
delity as a function of the Purcell factor and nuclear po-
larization. We consider a repeater with a nesting level
of n = 3 and the same values used in the last three
subsections.

is still limited to Ftotal = 0.858 (Ftotal = 0.758)
for Fp = 500 (Fp = 200). Thus, a significant im-
provement to the overall fidelity is not obtained
when considering a nuclear polarization above
∼ 95%.

The overall fidelity can be further increased by
considering the use of higher cooperativity cav-
ities to improve the gate fidelity, and by reduc-
ing the spectral diffusion to improve the entangle-
ment generation fidelity. The use of etalon filters
would also improve the fidelity of both the gate
and the entanglement generation steps, albeit at
the expense of reduced efficiency. It may also be
possible to increase the fidelity by adapting our
scheme to include entanglement purification, in
which many entangled pairs are simultaneously
generated and then combined into a smaller num-
ber of entangled pairs with lower errors by per-
forming two-qubit gates [96, 97].

5 Implementation

In order to be advantageous, our scheme requires
that the nanofabrication techniques for low-strain
QDs advance to the point where extraction effi-
ciencies of a least 50% are achievable. In addition
to high extraction efficiencies we require the abil-
ity to control the nuclear spins to the precision
outlined in Sec. 4, Purcell factors in excess of
100, and the ability to integrate two QDs in the
same cavity. Integration of GaAs/AlGaAs QDs
with photonic nanostructures is still in its infancy,
and as such, we believe that this is currently the
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largest roadblock towards achieving our repeater
scheme.

Encouragingly, recent experimental
demonstrations have shown that low-strain
GaAs/AlGaAs QDs can be incorporated with
circular Bragg grating [82], optical antenna
[98], and photonic crystal (PhC) cavities [99].
The latter is particularly noteworthy, as in the
next subsection we propose the use of PhC
cavities for our scheme. Ref. [99] reported an
extraction efficiency of ∼ 23%, however, no
Purcell enhancement was obtained.

The recent interest in GaAs/AlGaAs QDs
can be attributed to research of the biexciton-
exciton radiative cascade which can generate
polarization-entangled photons. Recent work
[100] has revealed that the time jitter of the cas-
cade limits photon indistinguishability to M =
66%, unless the ratio of the biexciton lifetime to
the exciton lifetime is made very small through
cavity engineering. This, in turn, limits the en-
tanglement generation fidelity to (1 + M)/2 =
0.83 per Bell-state measurement. As such, ef-
forts in this field will likely push for advances in
microcavity fabrication methods compatible with
GaAs/AlGaAs QDs, which would also prove ben-
eficial to the implementation of our protocol. Fur-
thermore, if the limited indistinguishability ulti-
mately prohibits the use of these photon pairs
in a successful repeater protocol, then our work
highlights the fact that there are other promising
applications of GaAs/AlGaAs QDs for quantum
communication.

Our scheme has additional demands which in-
clude the ability to obtain levels of nuclear spin
polarization greater than 80%, improved electron
spin and nuclear spin coherence times, reduced
levels of spectral diffusion, and efficient frequency
conversion techniques. In this section we discuss
the state-of-the-art and outlook for several of the
figures of merit required by our scheme.

5.1 QD-cavity system

As previously mentioned, we propose the use of
NFDE GaAs/AlGaAs QDs [43]. The primary
reason for selecting this type of QD is to miti-
gate the effect that inhomogeneous quadrupolar
splittings have on the state transfer fidelity.

We consider the use of planar PhC cavities due
to their ease of fabrication using standard etching
and lithography techniques [32]. Well-developed

techniques allow for the high-precision fabrication
of PhC cavities and QDs can be naturally incor-
porated [28]. The cavities allow for an embedded
QD to be probed by laser excitation from above
the cavity. An additional motivation for consid-
ering the use of PhC cavities can be seen in the
requirement that the two QDs located in each
node are isolated from the neighboring QDs in
the sample. While it is possible to mask these
neighboring dots, such an approach is typically
incompatible when considering the use of micro-
cavities or waveguides as the masking process can
modify the optical properties of these structures.
When considering PhC cavities, the cavity hole
patterns can be designed such that the etching
process removes all the QDs, except for the two
dots located in the cavity. Such an approach was
utilized in the work of Ref. [63], where the de-
terministic integration of two InGaAs QDs with
a planar linear three-hole defect (L3) PhC cavity
was demonstrated for two QDs separated by 350
nm.

PhC cavities with high Q-factors and small
mode volumes are potentially advantageous for
achieving large Purcell enhancements [101]. It
has been suggested that Fp = 43, obtained via
resonant excitation of InGaAs QDs, could be
increased to Fp ∼ 200 by increasing the Q-
factor by a factor of 5 [65]. Surface passivation
techniques have been shown to significantly in-
crease Q-factors in coupled QD-cavity systems
[102, 103]. The combination of resonant excita-
tion and surface passivation techniques represent
a promising path towards achieving Purcell en-
hancements in excess of 100.

An important distinction between InAs/GaAs
and GaAs/AlGaAs QDs can be seen in the rough-
ness of the AlGaAs membrane, which may limit
achievable Q-factors. Additionally, Al is prone to
oxidation when exposed to air. A possible route
for overcoming both of these issues may be to use
AlGaAs layers with lower Al-concentration, as in
Ref. [91].

Our scheme also requires the use of waveg-
uides for directed photon propagation in both the
CAPS gate and entanglement generation steps.
We propose the use of PhC waveguides as they
can be naturally incorporated with PhC cavities
and offer a scalable platform which could lead to
on-chip implementations [104]. The emission of
photons into a desired waveguide with a probabil-
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ity greater than 98% has been reported for InAs
QDs embedded in PhC waveguides [30] and cou-
pling efficiencies of up to 90% have been obtained
using a PhC cavity-waveguide system [85].

5.2 Entanglement Generation

Entanglement generation requires excitation of
the |↓〉 → |↑↓⇓〉 transition. To excite only this
transition, the spectral width of the laser pulse
should be less than the ground and excited state
splittings. When the nuclear spins are polarized,
the ground and excited state splittings are de-
termined by the strength of both the external
magnetic field and the Overhauser field. Con-
sidering the case where the nuclear polarization
increases the splitting, the electron ground levels
are split by ∆Eg = ∆EgZ + ∆EOH [47], where
∆EgZ = |µBgeBx|/h, ∆EOH is the Overhauser
shift, µB is the Bohr magneton, ge is the electron
g-factor, and Bx is the applied magnetic field.
Similarly, the excited (trion) levels are split by
∆Ee = |µBghBx|/h+∆EOH, where gh is the hole
g-factor.

The maximum possible Overhauser shift in
GaAs is ∆EOH

max ≈ 31 GHz (127µeV) [38, 48]. For
the values Bx = 6.6 T, ge = −0.076, gh = 1.309
[91], and a nuclear polarization of 80% (∆EOH =
25 GHz), we have ∆Ee = 146 GHz and ∆Eg = 32
GHz, which provides an upper limit for the spec-
tral width of the entanglement generating laser
pulse.

The transform-limited duration for a Gaussian
pulse with a spectral width of ∆ν = 32 GHz is
∆t = 14 ps. For Fp > 18 and γr = 2π×0.59 GHz,
the Purcell-enhanced lifetime is less than 14 ps.
Therefore, for Purcell factors in excess of 18 the
entanglement generation pulse could result in the
re-excitation of the QD and the emission of mul-
tiple photons. As such, each QD must be detuned
from the corresponding cavity during the entan-
glement generation step to reduce the effective
Purcell effect.

The electron spin coherence time used in the
fidelity calculations assumes that T2 = 50µs
(for B = 6.6 T). The dominant mechanism for
electron spin decoherence is predicted to be the
precession of the electron spin in the fluctuat-
ing Overhauser field [105], as relaxation due to
phonons at low temperatures can be neglected.
In the absence of nuclear spins it is predicted that
the spin coherence should approach the ideal limit

T2 = 2T1 [106].

Fluctuations in the Overhauser field are a re-
sult of both electron-mediated nuclear spin flips
(either direct or virtual) and nuclear dipole-dipole
interactions. Electron-mediated decoherence can
be minimized by considering the combination of
a large magnetic field and a high nuclear spin
polarization [107]. As previously mentioned, nu-
clear spin fluctuations are significantly reduced
in NFDE QDs [38]. Inhomogeneous quadrupo-
lar splittings lift the degeneracy between nuclear
spin states, reducing the rate of dipole-mediated
nuclear spin diffusion. We believe that the combi-
nation of a large magnetic field, high levels of nu-
clear polarization, and the unique levels of strain
in NDFE QDs can lead to electron spin coherence
times approaching the ideal limit of 2T1 = 98µs,
for T1 = 48µs [91]. Additional methods to extend
the electron spin T2 include dynamical decoupling
techniques [108–110], or driving the electron spin
to modify the properties of the nuclear bath [111–
115].

Entanglement generation also requires high in-
terference visibility [116]. Single photons have
been generated on-demand from an InGaAs QD
with an end-to-end efficiency of 57% and with
a two-photon interference visibility of 97% that
remains stable over a large time separation be-
tween photons [117]. Particularly noteworthy to
our work is the recent demonstration in which
a two-photon interference visibility of 93% was
achieved between spatially separated droplet-
etched GaAs/AlGaAs QDs without the need
for cavity enhancements, temporal post-selection,
spectral filtering, or active frequency stabilization
[118].

To obtain highly indistinguishable photons,
spectral diffusion of the optical transition needs
to be controlled such that the line broadening is
close to the transform limit, that is, the spectral
bandwidths of the interfering photons are lim-
ited only by their radiative lifetime [119]. The
dynamic environment of a QD leads to varia-
tions in the optical transition energy through
several decoherence processes including phonon-
induced dephasing [120], nuclear spin noise, and
charge fluctuations [121]. The work of Ref. [91]
has demonstrated that improved charge control
alongside reduced Al-concentrations in the Al-
GaAs membrane can lead to optical linewidths
close to the lifetime limit. We expect that fu-
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ture efforts using high-quality nanofabrication
techniques, nuclear ensemble spin squeezing, and
charge-controlled QDs will limit the amount of
spectral diffusion to a few hundred MHz, result-
ing in the high-fidelity implementation of our
scheme as discussed in Sec. 4.

5.3 Entanglement swapping

The derivation of Eq. 16 in Ref. [71] assumed
that both of the detunings δε1 and δε2 were small
compared to the optical decay rate γ. There-
fore, to get the upper bound on these detunings
individually, the next higher order perturbation
terms should be considered. Here we assume that
the QDs are tuned such that their resonant fre-
quencies are equal, yet there still will be some
infidelity over time due to the spectral diffusion
of the QDs inside the cavity. We estimate that
the amount of the spectral diffusion that can be
tolerated is several hundred MHz. Note that any
amount of detuning between the optical transi-
tion frequencies of the QDs can cause infidelity.
Spectral diffusion greater than a few hundred
MHz will cause infidelity more than the infidelity
caused due to the finite cavity cooperativity.

An alternative method to implement a con-
trolled phase gate would be to use the elec-
tric dipole-dipole interaction between trions in
neighboring QDs [16, 18]. The advantage of
a gate based on the dipole-dipole interaction is
that the gate is deterministic which is not the
case for CAPS-based gates. As mentioned, the
dipole-dipole interaction requires that the QDs be
spaced relatively close together and hence, spec-
tral addressing of the dots would be required in
the entanglement generation step. The CAPS
method, on the other hand, would allow for ei-
ther spectral or spatial addressing of the dots.

It is also possible to perform a deterministic
gate via the exchange of a virtual cavity pho-
ton [71]. In this scheme one transition of the
QDs should be in resonance while they are dis-
persively coupled to a cavity mode. Note that in
the derivation of the gate fidelity in Ref. [71] it
has been assumed that δeg � 2πT−1

o where To is
the optimal gate time and δeg = |∆Ee − ∆Eg|.
This condition is violated in our system because
To is inversely proportional to the relatively large
optical decay rate associated with the QD trion.
Thus, the fidelity of this scheme, which is dictated
by the QD-cavity detuning, should be optimized

by selecting an appropriate detuning.
A gate performed using the exchange of a vir-

tual cavity photon is well-suited for systems with
a small amount of optical pure dephasing. In con-
trast, the CAPS method does not require excita-
tion and is therefore of interest to systems with
a larger amount of optical pure dephasing. An-
other advantage of the CAPS method is that the
associated fidelity scales as 1 − 5/4C, whereas
the fidelity of the virtual photon exchange scheme
scales as 1− π/

√
C. The fidelity of each of these

schemes as a function of the cavity cooperativity
is illustrated in Fig. 7 of Ref. [71].

5.4 Frequency Conversion

The entanglement generation rates calculated in
Sec. 3 considered the efficient conversion of the
∼ 750 nm photons emitted from the QDs to the
telecom wavelength range. One option to perform
the conversion is to use a method of difference fre-
quency generation in which the emitted photons
are mixed with a pump pulse at 1450 nm in a peri-
odically poled lithium niobate (PPLN) waveguide
[25]. The PPLN waveguide efficiently converts
the 750 nm photons to 1550 nm photons, con-
ditional on overlap with the pump pulses. After
narrow-band filtering to eliminate residual scat-
tered light, detection of 1550 nm photon would
herald the detection of a single 750 nm photon.

External conversion efficiencies of up to 40%
have been obtained using PPLN crystals [122,
123], and could be further increased by improving
the coupling in and out of the crystal. The con-
version loss enters the entanglement distribution
rate quadratically. For a conversion efficiency of
40%, the distribution rates of our scheme are 16%
of the results presented in Sec. 3. On-going re-
search includes frequency conversion while retain-
ing a high degree of single-photon indistinguisha-
bility [124], and the development of scalable, on-
chip frequency conversion devices [125].

It may also be possible to instead use QDs
which emit at telecom wavelengths. For instance,
recent work has reported the site-controlled
growth of indium-arsenide-phosphide (InAsP)
QDs embedded in a nanowire waveguide which
emit at telecom wavelengths [126]. Continued re-
search in this area may provide the option to use
telecom QDs in our quantum repeater scheme.
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6 Conclusion

Recent work has experimentally verified that it is
possible for the state of a QD electron-spin qubit
to be reversibly transferred to the surrounding
nuclear spins. Long-lived spin coherence of the
QD nuclei make the nuclear ensemble a promising
candidate to serve as a quantum memory in quan-
tum information applications. Here, we proposed
a quantum repeater based on single QD electron-
spin qubits and nuclear-spin-ensemble memories.

Our scheme exploits several advantages of
singly-charged QDs, namely the fast initialization
and manipulation of electron-spin states, and the
dedicated local memory per spin qubit offered by
the nuclear ensemble. We draw inspiration from
well-developed fabrication technologies for self-
assembled QDs, and propose that GaAs/AlGaAs
QDs are integrated with photonic nanostructures,
allowing for the use of cavity-assisted photon
scattering gates. We have shown that the achiev-
able efficiency of our scheme could be higher than
that of a scheme based on photon-pair sources
and external memories. Currently, the largest ob-
stacles to realizing our repeater scheme include
the ability to control the nuclear spins, and the
nanofabrication methods available for low-strain
QDs. We require nuclear polarizations in excess
of 80%, extraction efficiencies that are compara-
ble to the state-of-the-art for self-assembled QDs
(∼ 50%), Purcell factors exceeding 100, and the
ability to integrate two QDs in a cavity.

The significant interest in the biexciton-exciton
cascade, combined with the need integrate these
QDs in cavities to overcome indistinguishabil-
ity limitations, could lead to the rapid devel-
opment of fabrication methods applicable to
GaAs/AlGaAs QDs. Such advances would bene-
fit the use of these dots as both photon-pair and
spin-photon entanglement sources.

Finally, it is important to mention that there
have been several recent quantum repeater pro-
posals that avoid the use of quantum memories
[127, 128]. These approaches typically achieve
higher entanglement generation rates, but also
require significantly more resources [129]. Ex-
tending upon the analysis of Ref. [129], an in-
teresting future direction could be to develop a
hybrid QD-based repeater scheme which utilizes
some combination of all-photonic and memory-
based protocols.
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