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Abstract: Single-photon emitters are a pivotal element in

quantum technologies, but the generation of single photons

along well-defined directions generally involves sophisti-

cated configurations. Here, we propose a photon source

capable of generating single photons with high efficiency

along guided modes. Specifically, we consider a quantum

emitter placed in a periodically patterned linearwaveguide.

The latter is designed to host a single guided mode over the

spectral range of interest and display a divergence in the

photonic density of states at an emission wavelength close

to the period. Photons are preferentially emitted along the

waveguide near that spectral region. We predict that nearly

all of the emission can be made to occur along the waveg-

uide with a reduction in the temporal uncertainty by two

orders of magnitude. Our study opens a conceptually new

direction in the production of single photons with a high

degree of directionality and reduced temporal uncertainty.

Keywords: lattice resonances; periodic arrays; quantum

emitters; single-photon source

1 Introduction

Single photons (SPs) are a fundamental ingredient of

quantum-optics devices with applications in quantum com-

puting, cryptography, and metrology [1–3]. Deterministic

sources are capable of producing SPs at designated times

by first exciting a molecule or a quantum dot (QD) with

close to 100 % probability (e.g., in a Λ excitation scheme),
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which later decays into a photon within a characteristic

time of the order of a few to tens of nanoseconds [1, 4,

5]. In contrast to the classical Poissonian statistics obtained

from a dimmed conventional source, the quantum nature

of SPs is well confirmed by anti-bunching experiments [6]

and Hong–Ou–Mandel interferometry [7]. The quality of a

SP source relies on its ability (1) to extract photonswith large

efficiency, (2) to reduce the uncertainty in the emission time,

(3) to deliver photons at a high repetition rate, and (4) to

rule out two-photon events. These criteria depend strongly

on the types of emitter and dielectric environment, which

currently allow ruling out two-photon events in practice,

with repetition rates beyond MHz, and temporal uncertain-

ties of the order of ns [8, 9]. The extraction efficiency and

the uncertainty in emission time can be improved via the

Purcell effect [10] by placing the emitter in a nanostructured

environment, which, in turn, helps to increase the indis-

tinguishability of the emitted photons [8, 11, 12]. However,

capturing all photons along a one-dimensional (1D) channel

remains a challenge that has been partially addressed by

complicated setups [13–16], although emission in a high-

index planar waveguide already gives good confinement in

2D [9, 17, 18].

In this article, we present a new class of photon source

producing highly directional emission, which can in prin-

ciple be brought arbitrarily close to 100 % collection effi-

ciency. We consider an emitter placed inside a waveg-

uide with a single guided mode to which the emission is

preferentially coupled [19]. By periodically structuring the

waveguide, this mode acquires zero group velocity near

the boundary of the first Brillouin zone, which is accom-

panied by a divergence in the photonic local density of

states (LDOS). This divergence places a dominant weight on

the emission through the guided mode in realistic designs.

Similar results have been obtained inwaveguides patterned

in photonic crystal slabs [20, 21], but with the requirement

of an extended 2D structure to sustain the guided mode

[9, 22, 23]. We theoretically demonstrate that our scheme is

robust against random imperfections of the waveguide and

reduces the temporal uncertainty in the emission by two

orders of magnitude relative to the free emitter.

We consider a periodic array of dielectric particles, as

shown in Figure 1(a), with an emitter located at the cen-

ter of one of the particles. The photonic structure of the
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Figure 1: Description of the underlying mechanism of our directional

photon source. (a) A photon emitter is placed inside a particle within a

linear array of identical particles. (b) The array displays a guided mode

that shows up to the right of the line cone (i.e., with parallel wave vector

k‖ larger than the free-light wave vector k) and has zero group velocity at
the boundary of the first Brillouin zone (k‖ = 𝜋∕d) in parallel
wave-vector space (left). The LDOS receives contributions from

spontaneous emission into the light cone and from coupling to the

guided mode of the array (right). The latter exhibits a van Hove

singularity associated with the vanishing group velocity, and thus, it

dominates the overall emission.

array is schematically depicted in Figure 1(b). Provided the

permittivity of the spheres 𝜖 is larger than the environ-

ment (vacuum in our case), a guided mode of frequency

𝜔 exists to the right of the light cone in the dispersion

diagram as a function of light wavenumber k = 𝜔∕c and
the wave vector component parallel to the direction of the

array k‖ (see below). As it is usually found in periodic

systems, the group velocity of this mode vanishes at the

boundary of the first Brillouin zone (k‖ = 𝜋∕d, where d

is the period of the array). At this point, it is useful to

consider the LDOS, defined as the sum of the position-

dependent near-field intensity associatedwith all modes for

a given frequency [24]. The emission rate is known to be

proportional to the LDOS [25]. In our structure, the LDOS

exhibits a van Hove singularity [26] at the frequency for

which the mode has zero group velocity [Figure 1(b)], and

this directly translates into a divergent emission probabil-

ity. We must emphasize that the increased rate near this

point originates in the contribution of the guidedmode, and

therefore, the emission is predominantly confined to the

array.

2 Theoretical description

For simplicity, we assume that the particles in the linear

array are small compared to the period [radius a≪ d,

see Figure 1(a)], so that they are described through their

polarizability 𝛼 (full inclusion of multipoles leads to sim-

ilar results, see Supplementary Materials, Figure S1). The

latter is obtained from the electric-dipole Mie coefficient

[27] to correctly account for retardation at the level of

single-particle scattering (see Methods). We take the emitter

dipole 𝜇 to be oriented perpendicularly to the array, and

thus, all induced dipoles and fields are also perpendicular

and the problem becomes one-dimensional because this is

a polarization-preserving scheme. The dipole induced at

each particle j is then given by the self-consistent coupled

equations

p j = pem𝛿 j0 + 𝛼
∑
j ′≠ j

G j−j ′ pj ′ . (1)

Here, Gj− j′ = eikr(k2∕r + ik∕r2 − 1∕r3) is the dipole–dipole
interaction between particles j and j′ [28], separated by a

distance r = |j − j′|d. The emitting particle j = 0 produces

a feeding dipole pem, related to the emitter dipole 𝜇 as

pem = T in𝜇, where the transmission coefficientT in is readily

calculated from Mie theory (see Methods). For finite arrays,

we solve Eq. (1) by direct matrix inversion.

We also present results for infinite arrays, which are

dealt with by going to Fourier-transform space as p̃k‖ =∑
j p je

−ik‖d j. This allows us to write the solution

p̃k‖ =
(
1− 𝛼G̃k‖

)−1
pem. (2)

A guided mode is predicted by Eq. (2) subject to the condi-

tion 𝛼−1 = G̃k‖ . For lossless particles and k‖ > k (i.e., outside

the light cone), both sides of this equation have identical

imaginary parts given by −2k3∕3 [29]. The remaining real
parts are also equal along the dispersion curve of Figure 1(b)

[i.e., along the guidedmode signaled by a zero of the denom-

inator in Eq. (2)].

For an emitter of transition dipole 𝜇, the emission

rate inside a homogeneous dielectric of permittivity 𝜖 can

be obtained from the far-field Poynting vector divided by

the photon energy [30], leading to
√
𝜖 Γ0, where Γ0 =

4k3|𝜇|2∕3ℏ is the emission rate in free space. This expres-

sion must be corrected by the fact that the emitter is not

permeated by the 𝜖 material. This correction allows us to

treat real emitters such as small molecules, rare earth ions,

or vacancy centers, for which the transition dipole is con-

structed out of the initial andfinal electronic (or vibrational)
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states, but the surrounding homogeneous medium does

not permeate inside them. Assuming a point-like emitter

placed in an arbitrarily small spherical empty cavity, the

corresponding local-field correction factor becomes [31] f =
3𝜖∕(2𝜖 + 1). In addition, the presence of material bound-

aries produces a reflected field Eref acting back on the

emitter and modifying the emission rate. The latter then

becomes (see Ref. [30] for a detailed derivation)

Γ = | f |2(Γ0

√
𝜖 + 2ℏ−1Im

{
𝜇
∗Eref

})
, (3)

where we introduce the aforementioned local-field correc-

tion. In our system, Eref is produced by the emitting sphere

surface and the rest of the spheres in the array. By symmetry,

this field is alignedwith the emission dipole.When the emit-

ting particle is isolated from the rest of the array, we have

Eref = Rin𝜇, which produces Γ = Γiso when inserted into

Eq. (3). For the array, we have Eref = Rin𝜇 + Tout
(
p0 − pem

)
,

where the reflection and transmission coefficients Rin and

Tout are also derived from Mie theory (see Methods), and

p0 − pem is the dipole induced in the emitting sphere by scat-

tering from the rest of the particles. Combining the above

expressions, the decay rate in the infinite array admits the

expression

Γ = Γiso +
2| f |2|𝜇|2d

𝜋ℏ

× Im

⎧⎪⎨⎪⎩
ToutT in

𝜋∕d

∫
0

dk‖
(𝛼G̃k‖ )

−1 − 1

⎫⎪⎬⎪⎭
. (4)

The integral in Eq. (4) contains a pole due to the guided

mode. It is an integrable divergence, except near the mode

cutoff, k = kc [see Figure 1(c)]. The emission rate can thus

be made arbitrarily large by choosing a photon frequency

close to that point. Importantly, we have assumed that

the dipole moment of the emitter is perpendicular to the

array (i.e., in the xz plane). However, any small unintended

component of the dipole along the direction of the array

can degrade the coupling by emitting into free-space radi-

ation (e.g., we expect a fractional reduction of the coupling

given by the square of the misalignment angle for small

values of the latter). Therefore, to achieve a high degree

of performance in the proposed approach, it is crucial to

obtain a good alignment of the dipole perpendicular to the

array.

3 Results and discussion

3.1 Fraction of guided emission

We consider silicon spheres in the infrared region (𝜖 ≈ 14).

The ratio of sphere radius to array period is set to a∕d =
0.3. Figure 2(a) shows the total emission rate Γ obtained

from Eq. (4) and normalized to Γiso. A small imaginary part

has been added to the permittivity, as indicated by labels.

As expected, the emission increases dramatically near the

cutoffwave vector kc ≈ 0.934𝜋∕d, reaching over an order of
magnitude faster rates compared to the emitter placed in an

isolated particle for realistic values of Im{𝜖}. Themaximum
rate increaseswith decreasing absorption, and it diverges in

the Im{𝜖} = 0 limit. This is beneficial for the source because

it reduces the uncertainty in the time of emission.

The fraction of emission that is guided along thewaveg-

uide (Γchain) is represented in Figure 2(b), as obtained from

the contribution of the pole of Eq. (4) for k‖ > k, divided

by the total emission rate. It is also peaked at kc, where it

reaches 97 % for Im{𝜖} = 0.001. In the absence of absorp-

tion, 100 % of the emission ends up in the guided mode.

Simultaneously, the group velocity 𝑣g goes to zero at kc
[Figure 2(b), inset], although it rapidly rises at lower values

of kwhile the fraction of guided emission is still above 90 %.

The near-field patterns of Figure 2(c) and (d) reveal a

dramatic difference between on- and off-resonance emis-

sions, with the former clearly showing a large field intensity

being guided along the array, whereas the Poynting vector

streamlines indicate a larger relative contribution of decay

into freely propagating light in the off-resonance scenario.

3.2 Temporal uncertainty in the emission

Apotential problemwith our scheme of SP generation lies in

the temporal uncertainty introduced by the group velocity

dispersion within the spectral width of emission, since the

source is operating near a region of zero group velocity. This

effect is shown to contribute negligibly in Figure 3, where

the total temporal uncertaintyΔt is represented with (solid
curve) andwithout (dashed curve) inclusion of the different

delay produced by the group velocity along a 20 mm-long

waveguide (see Methods for more details). In fact, Δt is
considerably reduced relative to the uncertainty for the

emitter in vacuum (Δt0) as a result of the increase in Γ [i.e.,

Δt∕Δt0 ≈ Γ0∕Γ, see also Figure 2(a)].
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Figure 2: Directional emission of the single-photon source. (a) Dependence of the emission rate Γ from an excited emitter placed at the center of one

of the particles in the linear array of Figure 1(a) as a function of emission wave vector k. The rate is normalized to the value Γiso obtained when the

particle is isolated (i.e., far from the rest of the array). The inset shows the dispersion relation of the guided mode in the array. (b) Fraction of emission

along the guided mode. The group velocity is shown in the inset. (c) and (d) On- and off-resonance near electric-field intensity on a common color

scale. Poynting-vector streamlines are superimposed on the contour plots (solid curves) and compared to those for an isolated sphere [dashed curves

in (d)]. The particles have radius a = 0.3d, where d is the period of the array, and they are assumed to have a permittivity of real part Re{𝜖} = 14 and

small imaginary part [see labels in (a)]. The emission dipole is normal to the array direction.
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Figure 3: Uncertainty in the emission timeΔt under the conditions of
Figure 2 for d = 0.5 μm, normalized to the uncertainty for the emitter
placed in vacuum,Δt0. The solid curve includes the uncertainty
introduced by the propagation of the emitted photon over a distance of

20 mm along the array, considering the change in group velocity over the

frequency width of the emission.

3.3 Effect of disorder and the finite size
of the array

Fabrication imperfections can lead to a dramatic

loss of coherence in the scattering from different

particles within the array. This effect can be

effectively described by adding an extra term to

Im{𝜖} ∼ (𝜖 − 1)(𝜖 + 2)[(𝛿a)2∕a2 + k2(𝛿d)2∕18], as proposed
elsewhere [32] from a Debye–Waller analysis of the effect

of an average random variation in particle radius 𝛿a and

inter-particle distance 𝛿d. In this way, the outcoupling

of the guided mode from the waveguide is effectively

described via an equivalent absorption in the material

of the particles. Following this approach, we find that

over 90 % of the emission is still guided for a disorder

(𝛿a)∕a = (𝛿d)∕d = 1 %, and even values above 80 %

are found for 2 % disorder, and 70 % for 5 % disorder

[see Figure 4(a)]. We have also studied the effect of

misplacement of the emitter away from the center of

the spherical particle and found <10 % reduction in

coupling efficiency for displacements by 𝜆∕100 (see

Supplementary Materials, Figure S2).

Finite-size effects in the array can also damage the per-

formance of the source, particularly through Fabry–Perot

resonances of the guided mode due to reflection at the

boundaries of the particle chain. To estimate this effect in

a phenomenological way, we employ the discrete Fourier

transform for finite chains, thus resulting in discretized

values of k‖, the sum over whichmust be substituted for the

integral in Eq. (4). The contribution of k‖ > k (Γchain) is then

associated with guided modes, which are eventually either
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Figure 4: Effect of disorder and the finite size of the array. (a) Fraction of

emission along the guided mode of the array under the same conditions

as in Figure 2, but including the effect of disorder, which is introduced

through a phenomenological model explained in the main text for

various degrees of random variations in the particle radii and positions

(expressed as a percentage of the radius and period, respectively). (b)

Finite-size effects for arrays consisting of 1001 and 2001 particles,

compared to an infinite array.

absorbed or outcoupled from the chain by scattering at the

ends. Notice that absorption in the chain and, consequently,

the propagation length are both roughly proportional to

the inverse of the imaginary part of the dielectric function

of the particles. We present the results of this analysis in

Figure 4(b) for arrays consisting of 1001 and 2001 spheres, as

compared to the infinite array. The guided fraction near kc is

well preserved, but Fabry–Perot resonances are observed at

lower frequencies, with a period in k inversely proportional

to the number of particles. This period decreases near kc
as a result of adiabatic compression for vanishing group

velocity, which effectively cancels out the effect of the noted

resonances right at kc: the ends of the array can only be

reached in infinite time for 𝑣g = 0.

4 Conclusions

We have proposed a scheme for a highly directional pho-

ton source based upon periodically corrugated waveguides,

capable of collecting nearly all of the emission from a quan-

tum emitter placed inside it. Actually, there is no funda-

mental limit for reaching full guided emission, which can

be obtained by optimization of geometrical parameters. By

symmetry, photons are emitted in our proposed scheme

with equal probability along both directions of the waveg-

uide. However, different strategies can be adopted to emit

photons in only one direction. For instance, circularly polar-

ized emitters could be used by exploiting optical spin–orbit

coupling [33]. Another possibility consists in altering the

position of several particles at one of the ends of the chain to

build amirror in the sameway as a distributed Bragg reflec-

tor. Furthermore, our waveguide design is robust against

random imperfections in the size and position of its periodic

elements. Additionally, it produces a significant reduction

in the temporal uncertainty of the emission. The choice of

materials is not critical, as silica particles produce simi-

lar results to those reported here for silicon spheres, and

large bandwidths can also be achieved (see Supplemen-

tary Materials, Figure S3).

When compared to other approaches, we note that

the proposed 1D structure has a smaller footprint than 2D

photonic crystals, thus presenting an advantage in terms of

integration. The guided mode is automatically confined to a

1D channel, in contrast to 2D configurations. We thus con-

ceive the design of 1D waveguides in which emitters can be

activated at different locations, and with waveguide inter-

connects relying on local rearrangements of the scattering

particles to maximize coupling to the desired waveguide

route. A three-dimensional (3D) structure incorporating 1D

waveguides would thus be a possible architecture for opti-

mum light routing, to which the present study contributes

with a design for a single-photon generator having good

quantum efficiency.

Although, for simplicity and tutorial purposes, we have

considered that the waveguides are formed by spherical

scatterers, our analysis can be straightforwardly applied to

more general kinds of scatterers (e.g., other scatterer mor-

phologies). In particular, an appealing possibility consists

in creating defects or periodic corrugations in a waveguide

(for example, through ion implantation or via lithography

alongside a waveguide of cylindrical or rectangular cross

section). Another possibility would be to use two-photon

photolithography to pattern scatterers in 3D systems (e.g.,

the 3D interconnected 1D waveguides mentioned above),

although the inclusion of emitters can be challenging in

this configuration. Nanoparticle self-assembly is yet another

possibility, which, for example, can rely on specific Mie

modes of high-index dielectric particles arranged in a chain,

so that guidedmodes are obtained from the hybridization of
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suchmodes. In general, high-ordermodes of arbitrary order

and polarization nature could be employed to construct

guided modes. In this approach, emitters could be inserted

in individual spheres, acting as emission centers. Actually,

each particle could be decorated with an emitter in a config-

uration such that light with higher photon energy is used to

excite only one of them (e.g., by non-resonantly addressing

a single scatterer, exploiting the smaller diffraction-limited

focal spot that can be produced at a higher photon energy).

As an interesting possibility, the noted divergence in

the LDOS, which is responsible for the enhanced guided

emission, could also be used to strongly couple distant quan-

tum emitters sitting at different sites along the waveguide,

suggesting a possible application in quantum devices.

5 Methods

5.1 Transmission and reflection coefficients

for a dielectric sphere

The electric field in a homogeneous medium of permittivity 𝜖 can

be expressed in terms of electric and magnetic scalar functions 𝜓E

and 𝜓M as [34, 35] E = L𝜓M − (i∕k)∇ × L𝜓E, where L = −ir × ∇ is

the angular momentum operator relative to the origin, k is the free-

space light wavenumber, and we consider a unity magnetic permeabil-

ity. In our system, we only need to consider the electric component,

whose associated scalar function is found to satisfy the wave equation(
∇2 + k2

𝜖

)
𝜓E = 0, where k𝜖 = k

√
𝜖. This implies that the scalar func-

tion can be expanded inmultipolar components (orbital and azimuthal

numbers l andm) given by jl(k𝜖r)Yl,m(r̂) and h
(+)
l
(k𝜖r)Yl,m(r̂) in terms of

spherical harmonics Yl,m, and spherical Bessel and Hankel functions jl
and h(+)

l
. Here, we consider fields oriented along z and dominated by a

dipolar term, so that only the l = 1 and m = 0 component is involved.

More precisely, in regions free from external sources, we have

𝜓
E(r) = j1(k𝜖r)Y1,0(r̂)𝜓

E
1,0
, (A5a)

whereas the field produced by a dipolar source at the origin corre-

sponds to a scalar function

𝜓
E(r) = h(+)

1
(k𝜖r)Y1,0(r̂)𝜓

E
1,0
. (A5b)

For a unit dipole, the field must read E =
(
k2
𝜖
ẑ+∇𝜕z

)
eik𝜖 r∕𝜖r3. Upon

direct inspection of the involved functions, we find that this expression

coincides with Eq. (A5b) for a coefficient 𝜓
E,dip

10
= k3

√
4𝜋∕3. Likewise,

an electric field E along z is produced at the origin when a coefficient

𝜓
E,uni

10
=

√
3𝜋∕𝜖 E (A6)

is inserted into the scalar function of Eq. (A5a).

When a dipole is placed at the center of a free-standing homo-

geneous sphere of permittivity 𝜖 and radius a, the scalar function

becomes

𝜓
E =

(
h(+)
1
(k𝜖r)Y1,0+ rE

1
j1(k𝜖r)Y1,0

)
𝜓

E,dip

10
, (r < a) (A7a)

𝜓
E = tE,in

1
h(+)
1
(kr)Y1,0𝜓

E,dip

10
, (r > a) (A7b)

where the first term in Eq. (A7a) accounts for the dipolar source field,

the second term corresponds to the field produced upon reflection at

the sphere surface, and Eq. (A7b) describes the field outside the sphere.

The reflection and transmission coefficients rE
1
and tE,in

1
are determined

by imposing the electromagnetic boundary conditions at the sphere

surface, namely, the continuity of both 𝜖𝜓E and
(
1+ r𝜕r

)
𝜓E [34], which

lead to

rE
1
= h(+)

1
(𝜌)

[
𝜌𝜖h

(+)
1
(𝜌𝜖)

]′ − 𝜖h(+)
1
(𝜌𝜖)

[
𝜌h(+)

1
(𝜌)

]′
𝜖 j1(𝜌𝜖)

[
𝜌h(+)

1
(𝜌)

]′ − h(+)
1
(𝜌)

[
𝜌𝜖 j1(𝜌𝜖)

]′ , (A8a)

tE,in
1

= 𝜖 j1(𝜌𝜖)
[
𝜌𝜖h

(+)
1
(𝜌𝜖)

]′ − h(+)
1
(𝜌𝜖)

[
𝜌𝜖 j1(𝜌𝜖)

]′
𝜖 j1(𝜌𝜖)

[
𝜌h(+)

1
(𝜌)

]′ − h(+)
1
(𝜌)

[
𝜌𝜖 j1(𝜌𝜖)

]′ , (A8b)

where 𝜌 = ka, 𝜌𝜖 = k𝜖a, and the prime indicates differentiation with

respect to these variables.

Likewise, an external dipolar field component scattered by the

sphere is represented by the scalar function

𝜓
E =

(
j1(𝜌)Y1,0 + tE,scat

1
h(+)
1
(𝜌)Y1,0

)
𝜓

E
10
, hom, (r > a) (A9a)

𝜓
E = tE,out

1
j1(𝜌𝜖)Y1,0𝜓

E,hom

10
, (r < a) (A9b)

where the first term in Eq. (A9a) represents the incident field, the

second term accounts for the scattered field, and Eq. (A9b) describes

the field transmitted inside the sphere. Applying again the boundary

conditions, we find

tE,scat
1

= − j1(𝜌)
[
𝜌𝜖 j1(𝜌𝜖)

]′ + 𝜖 j1(𝜌𝜖)[𝜌 j1(𝜌)]′
h(+)
1
(𝜌)

[
𝜌𝜖 j1(𝜌𝜖)

]′ − 𝜖 j1(𝜌𝜖)[𝜌h(+)1
(𝜌)

]′ , (A10a)

tE, out
1

= h(+)
1
(𝜌)

[
𝜌 j1(𝜌)

]′ − j1(𝜌)
[
𝜌h(+)

1
(𝜌)

]′
h(+)
1
(𝜌)

[
𝜌𝜖 j1(𝜌𝜖)

]′ − 𝜖 j1(𝜌𝜖)[𝜌h(+)1
(𝜌)

]′ (A10b)

for the coefficients in Eqs. (A9a) and (A9b).

From the above analysis, a dipole 𝜇 oriented along z and placed

at the center of a self-standing sphere of radius a and permittivity 𝜖

has an associated scalar function given by Eqs. (A9a) and (A9b) with

𝜓
E,dip

10
= k3

√
4𝜋∕3𝜇. The scalar function component associated with

the transmitted field (outside the sphere) can be obtained by multi-

plying this expression by the coefficient tE,in
1

[Eq. (A8b)], and therefore,

when observed from the exterior of the sphere, the dipole appears to

have an effective magnitude pem = T in
𝜇 with T in = tE,in

1
. Likewise, the

field reflected inside the sphere has an associated scalar function with

a coefficient 𝜓E,ref

10
= k3

√
4𝜋∕3 rE

1
𝜇, corresponding to a uniform field

Eref = Rin𝜇 with Rin = (2k3∕3)
√
𝜖 rE

1
[see Eqs. (A6) and (A8a)].

The presence of other spheres surrounding the one that contains

the quantum emitter produces a self-induced field acting like an addi-

tional external field given by Eind
ext

= 𝛼−1
(
p0 − pem

)
, which is associated

with an incident scalar function𝜓E,ind

10
=

√
3𝜋𝛼−1

(
p0 − pem

)
according

to Eq. (A6). Multiplying this expression by tE, out
1

[see Eqs. (A9b) and

(A10b)], we obtain the corresponding scalar function inside the sphere.

Finally, using Eq. (A6) again, the field associatedwith the latter is simply

given by Eind = Tout
(
p0 − pem

)
, where Tout = tE, out

1

√
𝜖𝛼−1 with tE, out

1

given by Eq. (A10b).

The particle polarizability is calculated from theMie coefficient in

Eq. (A10a) as 𝛼 = t1
E,scat∕(2k3∕3).

5.2 Temporal uncertainty in the emission

The temporal uncertainty in the emission of our system (Δt) is

the result of the interplay between a reduction produced by the
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enhancement in the emission rate (ΔtΓ) and an increase associated

with larger group velocities (Δt𝑣g ). We can write

Δt
Δt0

=
ΔtΓ + Δt𝑣g

Δt0
,

where Δt0 is the temporal uncertainty for the emitter in vacuum. The
first term in this expression is inversely proportional to the emission

rate (i.e., ΔtΓ∕Δt0 = Γ0∕Γ). The second term accounts for the fact

that different spectral components travel with different velocities, thus

widening the photon pulse and increasing the temporal uncertainty

according to

Δt𝑣g =
L

𝑣g(𝜔1)
− L

𝑣g(𝜔2)
≈ L

𝜕
(
1∕𝑣g

)
𝜕𝜔

Δ𝜔, (C11)

whereΔ𝜔 = 𝜔1 −𝜔2 is the spectral width of the photon pulse and L is

the distance traveled along the waveguide. Figure 3 shows thatΔt𝑣g is
negligible compared withΔtΓ.

Author contributions: Both authors have equally contrib-

uted.

Research funding: This work was supported by the Euro-

pean Research Council (Advanced grant 789104-eNANO),

the Spanish MCIN/AEI/10.13039/ 501100011033 (PID2020-

112625GB-I00, PID2019-109502GA-I00, and Severo Ochoa

CEX2019-000910-S), the Catalan CERCA Program, Fundaciós

Cellex and Mir-Puig, a 2022 Leonardo Grant for Researchers

in Physics (BBVA Foundation), and the U.S. National Science

Foundation (Grant No. DMR-1941680).

Conflict of interest statement: The authors declare no con-

flict of interest.

Data availability statement: The data that support the find-

ings of this study are available from the authors upon rea-

sonable request.

References

[1] B. Lounis and M. Orrit, “Single-photon sources,” Rep. Prog. Phys.,

vol. 68, p. 1129, 2005..

[2] M. Oxborrow and A. G. Sinclair, “Single-photon sources,” Contemp.

Phys., vol. 46, p. 173, 2005..

[3] J. Wang, F. Sciarrino, A. Laing, and M. G. Thompson, “Integrated

photonic quantum technologies,” Nat. Photonics, vol. 14, p. 273,

2020..

[4] I. Aharonovich, D. Englund, and M. Toth, “Solid-state

single-photon emitters,” Nat. Photonics, vol. 10, p. 631, 2016..

[5] P. Senellart, G. Solomon, and A. White, “High-performance

semiconductor quantum-dot single-photon sources,” Nat.

Nanotechnol., vol. 12, p. 1026, 2017..

[6] H. J. Kimble, M. Dagenais, and L. Mandel, “Photon antibunching in

resonance fluorescence,” Phys. Rev. Lett., vol. 39, p. 691,

1977..

[7] C. K. Hong, Z. Y. Ou, and L. Mandel, “Measurement of

subpicosecond time intervals between two photons by

interference,” Phys. Rev. Lett., vol. 59, p. 2044, 1987..

[8] P. Lodahl, S. Mahmoodian, and S. Stobbe, “Interfacing single

photons and single quantum dots with photonic nanostructures,”

Rev. Mod. Phys., vol. 87, p. 347, 2015..

[9] R. Uppu, F. T. Pedersen, Y. Wang, et al., “Scalable integrated

single-photon source,” Sci. Adv., vol. 6, p. eabc8268, 2020.

[10] E. M. Purcell, “Spontaneous emission probabilities at radio

frequencies,” Phys. Rev., vol. 69, p. 681, 1946.

[11] A. F. Koenderink, A. Alù, and A. Polman, “Nanophotonics: shrinking

light-based technology,” Science, vol. 348, p. 516, 2015..

[12] R. Uppu, L. Midolo, X. Zhou, J. Carolan, and P. Lodahl,

“Quantum-dot-based deterministic photon−emitter interfaces for
scalable photonic quantum technology,” Nat. Nanotechnol., vol. 16,

p. 1308, 2021..

[13] A. Kuhn and D. Ljunggren, “Cavity-based single-photon sources,”

Contemp. Phys., vol. 51, p. 289, 2010..

[14] T. Schröder, A. W. Schell, G. Kewes, T. Aichele, and O. Benson,

“Fiber-integrated diamond-based single photon source,” Nano

Lett., vol. 11, p. 198, 2011..

[15] L. Scarpelli, B. Lang, F. Masia, et al., “99% beta factor and

directional coupling of quantum dots to fast light in photonic

crystal waveguides determined by spectral imaging,” Phys. Rev. B,

vol. 100, p. 035311, 2019..

[16] F. T. Pedersen, Y. Wang, C. T. Olesen, et al., “Near

transform-limited quantum dot linewidths in a broadband

photonic crystal waveguide,” ACS Photonics, vol. 7, p. 2343, 2020..

[17] K. G. Lee, X. W. Chen, H. Eghlidi, et al., “A planar dielectric antenna

for directional single-photon emission and near-unity collection

efficiency,” Nat. Photonics, vol. 5, p. 166, 2011..

[18] M. Arcari, I. Söllner, A. Javadi, et al., “Near-unity coupling efficiency

of a quantum emitter to a photonic crystal waveguide,” Phys. Rev.

Lett., vol. 113, p. 093603, 2014..

[19] D. Kleppner, “Inhibited spontaneous emission,” Phys. Rev. Lett.,

vol. 47, p. 233, 1981..

[20] V. S. C. M. Rao and S. Hughes, “Single quantum-dot Purcell factor

andβfactor in a photonic crystal waveguide,” Phys. Rev. B, vol. 75,
p. 205437, 2007..

[21] T. Lund-Hansen, S. Stobbe, B. Julsgaard, et al., “Experimental

realization of highly efficient broadband coupling of single

quantum dots to a photonic crystal waveguide,” Phys. Rev. Lett.,

vol. 101, p. 113903, 2008..

[22] F. Liu, A. J. Brash, J. O’Hara, et al., “High Purcell factor generation

of indistinguishable on-chip single photons,” Nat. Nanotechnol.,

vol. 13, p. 835, 2018..

[23] K. Kuruma, H. Yoshimi, Y. Ota, et al., “Topologically-protected

single-photon sources with topological slow light photonic crystal

waveguides,” Laser Photon. Rev., vol. 16, p. 2200077, 2022..

[24] D. P. Fussell, R. C. McPhedran, and M. de Sterke, “Decay rate and

level shift in a circular dielectric waveguide,” Phys. Rev. A, vol. 71,

p. 013815, 2005..

[25] R. Sprik, B. A. van Tiggelen, and A. Lagendijk, “Optical emission in

periodic dielectrics,” Europhys. Lett., vol. 35, p. 265,

1996..

[26] L. Van Hove, “The occurrence of singularities in the elastic

frequency distribution of a crystal,” Phys. Rev., vol. 89, p. 1189,

1953..

[27] V. Myroshnychenko, J. Rodríguez-Fernández, I. Pastoriza-Santos,

et al., “Modelling the optical response of gold nanoparticles,”

Chem. Soc. Rev., vol. 37, p. 1792, 2008..

[28] J. D. Jackson, Classical Electrodynamics, New York, Wiley, 1999.



8 — A. Manjavacas and F. J. García de Abajo: Highly directional single-photon source

[29] F. J. García de Abajo, “Colloquium: light scattering by particle and

hole arrays,” Rev. Mod. Phys., vol. 79, p. 1267, 2007..

[30] L. A. Blanco and F. J. García de Abajo, “Spontaneous light emission

in complex nanostructures,” Phys. Rev. B, vol. 69, p. 205414,

2004..

[31] E. Yablonovitch, T. J. Gmitter, and R. Bhat, “Inhibited and enhanced

spontaneous emission from optically thin AlGaAs/GaAs double

heterostructures,” Phys. Rev. Lett., vol. 61, p. 2546, 1988..

[32] R. Sainidou, J. Renger, T. V. Teperik, M. U. González, R. Quidant,

and F. J. García de Abajo, “Extraordinary all-dielectric light

enhancement over large volumes,” Nano Lett., vol. 10, p. 4450,

2010..

[33] K. Y. Bliokh, F. J. Rodríguez-Fortuño, F. Nori, and A. V. Zayats,

“Spin−orbit interactions of light,” Nat. Photonics, vol. 9, p. 796,
2015..

[34] F. E. Low, Classical Field Theory: Electromagnetism and Gravitation,

New York, John Wiley & Sons, 1997.

[35] F. J. García de Abajo, “Multiple scattering of radiation in clusters of

dielectrics,” Phys. Rev. B, vol. 60, p. 6086, 1999..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2023-0276).

https://doi.org/10.1515/nanoph-2023-0276

	1 Introduction
	2 Theoretical description
	3 Results and discussion
	3.1 Fraction of guided emission
	3.2 Temporal uncertainty in the emission
	3.3  Effect of disorder and the finite size of the array

	4 Conclusions
	5 Methods
	5.1  Transmission and reflection coefficients for a dielectric sphere
	5.2 Temporal uncertainty in the emission



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


