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Performance of the nanopost single-photon
source: beyond the single-mode model†

Martin Arentoft Jacobsen, a Yujing Wang, a Luca Vannucci, a

Julien Claudon, b Jean-Michel Gérard b and Niels Gregersen *a

We present a detailed analysis of the physics governing the collection efficiency and the Purcell enhance-

ment of the nanopost single-photon source. We show that a standard single-mode Fabry–Pérot model is

insufficient to describe the device performance, which benefits significantly from scattering from the fun-

damental mode to radiation modes. We show how the scattering mechanism decouples the collection

efficiency from the Purcell enhancement, such that maximum collection efficiency is obtained off-reso-

nance. Finally, we discuss how this scattering mechanism can be beneficial for future single-photon

source designs.

1. Introduction

The construction of scalable optical quantum technologies1,2

relies on the development of sources of single indistinguish-
able photons3–6 and of entangled photon pairs.7 The ideal
single-photon source (SPS) should be deterministic and
feature pure emission of single photons. The main figure of
merit6 is the collection efficiency ε defined as the number of
photons detected in the out-coupling channel per trigger. In a
multi-photon interference experiment8 with N photons, the
success probability P scales as P = εN, and increasing ε towards
1 is thus critical to achieve scalable optical quantum infor-
mation processing. The spontaneous parametric down conver-
sion process9 is a straight-forward technique widely used
within the quantum optics community for production of highly
indistinguishable photons, however its probabilistic nature
limits the efficiency of pure photon emission to a few percent.

For this reason, the community has turned its attention
towards two level systems, in particular the semiconductor
quantum dot3,4,10 (QD), capable of deterministic emission of
single photons. For a QD in a bulk material, ε is limited to a
few percent this time due to the large index contrast at the
semiconductor-air interface. It is thus necessary to place the
QD inside a photonic nanostructure5,6 directing the light

towards the collection optics. A main strategy for controlling
the light emission is to place the QD inside a micro cavity and
exploit cavity quantum electrodynamics (CQED) in the weak
coupling regime to selectively enhance the light emission into
the optical mode of the microcavity using the Purcell effect.11

Detailed understanding of the CQED physics governing the
collection efficiency can be obtained using a single-mode
Fabry–Pérot description12–14 of the light emission. Here, the
spontaneous emission β factor describes the emission rate ΓC

of the QD into a fundamental HE11 cavity mode divided by the
total emission rate ΓT = ΓC + ΓB including a contribution ΓB to
background radiation modes. The rate ΓC into the cavity mode
normalized to the rate ΓBulk in a bulk medium is quantified by

the Purcell15 factor Fp ¼ ΓC=ΓBulk ¼ 3
4π2

Q
Vn

at resonance,

where Q is the cavity quality factor and Vn is the mode volume
in units of material cubic wavelengths (λ/n)3. The spontaneous
emission β factor can then be written in terms of the Purcell
factor as

β ¼ ΓC

ΓC þ ΓB
¼ Fp

Fp þ ΓB=ΓBulk
: ð1Þ

Furthermore, we define the transmission γ as the fraction
of power in the cavity mode detected by the collection optics.
Finally, we can then define a single-mode Fabry–Pérot model
(SMM) εs for the efficiency as εs = βγ. From eqn (1), we observe
that increasing the Purcell factor Fp will improve the collection
efficiency, and maximum efficiency is thus expected for a QD
on resonance with the cavity.

Indeed, this design paradigm that Purcell enhancement is
beneficial for achieving high collection efficiency is well-estab-
lished within SPS engineering: the most succesful SPS design
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strategies today include the microcavity pillar14,16–18 and the
open cavity approach19 demonstrating up to ε ∼ 0.6 into a first
lens16 and into a fiber,19 respectively, combined with highly
indistinguishable photon emission. These narrowband
approaches, for which the single-mode model εs = βγ is an
excellent approximation,14 rely critically on resonant Purcell
enhancement and thus on control of the spectral alignment17

to achieve high efficiency. On the other hand, broadband
approaches including the photonic nanowire13,20–23 and the
photonic crystal waveguide24–26 designs exploit suppression of
the background emission rate using the dielectric screening
effect20,24,25 to non-resonantly maximize the β factor. Even so,
these broadband approaches also benefit from resonant
cavity13,27 and slow-light24,25 effects to further improve the
efficiency, confirming again that Purcell enhancement is ben-
eficial in the SPS engineering.

However, this paradigm has been challenged by new broad-
band SPS geometries, such as the circular Bragg grating or
“bullseye” design,16,28,29 for which high collection efficiency is
obtained in a wavelength range significantly broader28

(∼100 nm) than the typical resonance linewidth (∼10 nm).
Similar characteristics were observed very recently for the
nanowire optical nanocavity or “nanopost” design30 shown in
Fig. 1, for which a significant Purcell factor Fp of 5.6 enabled
by the ultrasmall mode volume of the nanocavity was experi-
mentally demonstrated. Additionally, a surprisingly high col-
lection efficiency of 0.35 was measured,30 which was attributed
to a breakdown31 of the single-mode model εs = βγ for the
efficiency.

In this work, we investigate this surprising breakdown by
performing a detailed quantitative analysis of the physics gov-

erning the nanopost geometry. We show that the single-mode
model fails to describe the physics of both the Purcell
enhancement and the collection efficiency due to a decoupling
between the two: the computed efficiency is significantly
higher than the prediction of the single-mode model thanks to
additional transmission channels to the far-field, whose ben-
eficial contributions are dominating over the resonant cavity
effect. We show not only that maximum Purcell enhancement
and maximum collection efficiency are obtained for entirely
different design parameters, but also that maximum efficiency
is obtained off-resonance. The analysis is performed using a
Fourier modal method,32 allowing for direct insight into the
beneficial interplay beyond the single-mode model with the
continuum of radiation modes.

This article is organized as follows: in section 2, we present
the nanopost and its performance in terms of Fp and ε, and we
demonstrate the breakdown of the single-mode model. In
section 3, we present our theoretical framework based on the
Fourier modal method, which we subsequently use to analyze
the complex interplay with radiation mode channels in section
4 and its influence on the collection efficiency and the Purcell
factor. In section 5 we put the nanopost physics into perspec-
tive and discuss its impact on SPS engineering, followed by
our conclusion. Additional simulation results are presented in
the ESI.†

2. The nanopost geometry and
the breakdown of the single-mode
Fabry–Pérot model

The nanopost shown in Fig. 1 consists of a truncated GaAs
nanowire with diameter D on top of a SiO2-Au mirror. The top
of the nanowire is flat, and the surrounding medium is air.
The SiO2 layer, located between the nanowire and the gold,
has a thickness indicated by tSiO2

. We note that the main differ-
ence between the nanopost and the photonic nanowire13,20–23

geometries is the flat top of the nanopost resulting in substan-
tial reflection, thus creating a cavity. On the other hand, the
photonic “needle” structure,21 as well as the “trumpet” struc-
ture23 featuring a top anti-reflection coating, are half-open 1D
photonic structures. The QD, modelled as a dipole, is placed
on-axis inside the nanowire at a position hb from the bottom
interface and ht from the top interface. The refractive indices
of the materials are chosen as nGaAs = 3.46, nSiO2

= 1.5 and
nAu = 0.201 + 5.85i at λ = 930 nm and assumed to be constant
as a function of wavelength. In the inset of Fig. 1, a dipole with
an emission wavelength of 930 nm is placed inside the nano-
post, and the resulting in-plane electrical field, simulated using
the FMM, is shown. Three antinodes can be seen in the field
profile, corresponding to the order 3 cavity mode, and they are
enumerated from the bottom mirror as the 1st, 2nd and 3rd
antinode. The field profile generated by the dipole is indepen-
dent of the vertical position of the dipole, only the intensity

Fig. 1 Sketch of the “nanopost” nanowire optical nanocavity and the
geometrical parameters. The resulting in-plane electrical field profile of
a QD placed inside the nanopost is shown as an inset. The length of the
white scale bar in the inset is 100 nm.
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changes. The intensity is not the same at the three antinodes
due to the breakdown of the SMM.

We now present the performance of the nanopost as a func-
tion of the diameter, D, and the silica layer thickness, tSiO2

. We
have scanned the parameter ranges D = 196 nm to D = 300 nm
and tSiO2

= 0 nm to tSiO2
= 25 nm and chosen a design wave-

length of λd = 930 nm. The height of the structure and the posi-
tion of the QD are dynamically changed to keep the order 3
cavity mode resonance at λr = 930 nm for the QD at the 2nd anti-
node. The required procedure is presented in ESI section 1.†

The first quantity of interest is the spontaneous emission
rate ΓT. For the high-β structures investigated here, the total
normalized rate ΓT/ΓBulk and the Purcell factor Fp are similar,
and we will in the following refer to the normalized total rate
as the “Purcell factor Fp”. In Fig. 2a and b the Purcell factor is
shown as a function of the diameter and the silica layer thick-
ness for a QD placed in the 2nd and 1st antinode. In the entire
parameter space, the Purcell factor is larger for the 2nd anti-
node and a maximum value of Fp = 7.9 is reached at D = 25 nm
and tSiO2

= 13 nm. This discrepancy between the two antinodes
also demonstrates the deviations of the SMM. Overall, the ten-
dency of the Purcell factor is similar at the 2 antinodes with
one peak value. The minimum is located in the corner of no
silica and the smallest diameter. In Fig. 2c the Purcell factor is
now shown using the SMM. Comparing the SMM to the full
model for the two antinodes, there are both positive and nega-
tive deviations across most of the parameter space. Compared
to the 2nd antinode, the SMM also predicts a slightly lower

value for the maximum Purcell factor of Fp = 7.5, but at a very
different position of D = 242 nm and tSiO2

= 8 nm. However,
compared to the 1st antinode the SMM predicts a larger value
for the maximum Purcell factor. This is an invitation to obtain
a better description and understanding of the physics respon-
sible for the Purcell factor, which we will provide in this paper.

The source collection efficiency, ε, for the 2nd antinode, the
1st antinode and the SMM are shown in Fig. 3 for a numerical
aperture of NA = 0.75. Here the overall performance for the
2nd antinode is slightly better than for the 1st antinode, and a
maximum value of ε = 0.69 is reached at D = 238 nm and tSiO2

= 0 nm. Despite the very simple geometry of the nanopost, a
surprisingly high collection efficiency of ε = 0.69 is achievable.
In general, it can be ascertained that no silica layer is more
beneficial for the efficiency, which is surprising compared to
the traditional photonic nanowire, where the silica layer
enhances the modal reflectivity21 and thus the collection
efficiency. Now comparing the efficiency of the SMM to the full
model, there are substantial differences. This is unlike the
micropillar and the photonic nanowire geometries for which
the single-mode model εs = βγ is an excellent12–14 approxi-
mation. For the nanopost, the SMM efficiency is much smaller
in the entire parameter space except for the smallest dia-
meters. This clearly shows that there are important physical
mechanisms which are not accounted for in the SMM.
Furthermore, comparing the figures for the Purcell factors and
the efficiencies, there seems to be no apparent correlation
between the two. This is also a surprising result compared to

Fig. 2 Purcell factor, Fp, for a QD at the 2nd antinode (a), 1st antinode
(b) and any antinode using the SMM (c) as a function of the diameter, D,
and the silica layer thickness, tSiO2

.

Fig. 3 Collection efficiency, ε (NA = 0.75), for a QD at the 2nd antinode
(a), 1st antinode (b) and any antinode using the SMM (c) as a function of
the diameter, D, and the silica layer thickness, tSiO2

.
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traditional Fabry–Pérot cavities and indicates that there are
different physical mechanisms at play which govern the
Purcell factor and the efficiency.

In ESI section 2,† we vary the numerical aperture and
present its influence on the collection efficiency. In ESI section
3,† we present the collection efficiency taking into consider-
ation the overlap with a Gaussian profile.

3. Theory
3.1. Method

We use an eigenmode method combined with a standard scat-
tering matrix formalism33 in the frequency domain. In this
method, the structure is divided into layers of uniform permit-
tivity along the propagation direction. In each layer, the electri-
cal field is expanded on the eigenmodes, and the scattering
matrices are used to connect the eigenmodes at the interfaces
between the layers. The eigenmodes are obtained using the
Fourier modal method (FMM) with open boundary con-
ditions,32 which provides direct access to the modes needed to
understand the physics. The nanopost structure is split into
four layers: the bottom gold substrate, the silica layer, the
nanowire and the top air region. Due to the cylindrical sym-
metry of the nanowire, a cylindrical coordinate system is used.
The QD is modelled as a classical point dipole, and we make
use of the relationship Γ/ΓBulk = P/PBulk to calculate the Purcell
factor.34 P is the emitted power of the dipole, and PBulk is the
power emitted in a bulk medium, and thus the Purcell factor
is defined as FP = PT/PBulk. The second quantity of interest is
the collection efficiency defined as ε = Pcollected/PT, where
Pcollected is the power collected in the far-field of a lens with
numerical aperture NA.

3.1.1. Eigenmodes. The electrical field for an eigenmode
has the following expression:

Ejðr;ϕ; zÞ ¼ ejðr;ϕÞexpðiβjzÞ; ð2Þ
where j refers to eigenmode index, ej(r,ϕ) is the mode profile
for the given eigenmode and βj is the propagation constant.
For three out of the four layers, the permittivity profile is con-
stant over the entire plane. In this case, the eigenmodes are
simply cylindrical plane waves. These eigenmodes exist as a
continuum where the propagation constant takes the value

β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnlayerk0Þ2 � k?2

q
, where nlayer is the refractive index, k0 is

the free-space wavenumber and k⊥ is the in-plane k-value. k⊥
can take any value k⊥∈[0,∞] and eigenmodes exist for all the
values. For each β, two orthogonal solutions exist, which can
be separated into TE modes (ez = 0) and TM modes (hz = 0).
For layers with real-valued refractive index, this continuum can
be separated into radiation modes satisfying 0 < (β)2 ≤
(nlayerk0)

2 and evanescent modes (β)2 < 0 which decays expo-
nentially and carry no power according to the Poynting vector.
Specifically for the air layer, the propagation constant of the
radiation modes can directly be interpreted as the propagation
angle with respect to the z-axis using the expression θ = arccos

(β/k0). Expanding a forward propagating electrical field on the
eigenmodes will have the following expression:

Eðr;ϕ; zÞ ¼
X2
s¼1

ð1
0
asðk?Þesðr;ϕ; k?Þ expðiβðk?ÞzÞdk?; ð3Þ

where s refers to the two solutions and as(k⊥) is the expansion
coefficient. Numerically, the continuum is discretized into N
modes and truncated with a cut-off value for k⊥,

32,35 which will
lead to the following expression:

Eðr;ϕ; zÞ ¼
XN
j¼1

ajejðr;ϕÞ exp ðiβjzÞ; ð4Þ

where s is absorbed into j, and the Δk⊥ that would appear due
to the discretization is absorbed into definition of the eigen-
mode profile.

The first class of eigenmodes for the nanowire are the
guided modes for which the propagation constants satisfy the
condition (nairk0)

2 < (βj)
2 < (nGaAsk0)

2. The guided mode is con-
fined to the core of the nanowire, and outside the nanowire,
the field decays. There is a finite number of guided modes,
and there will always be at least one guided mode, the funda-
mental HE11 mode. The description of guided modes can be
found in various textbooks.36 The second class of eigenmodes
is the background continuum, very similar to the continuum
of the air layer. These eigenmodes can be viewed as perturbed
versions of the cylindrical plane waves of the air layer and be
separated into radiation and evanescent modes the exact same
way. There are also two orthogonal solutions, but these can no
longer be separated into pure TE and TM modes. Studies of
this class of eigenmodes are plentiful in the literature.37–46

3.1.2. Dipole emission in an infinite structure. The QD is
modelled as a classical point dipole with in-plane orientation
and harmonic time dependence at the frequency ω. The
corresponding current density is J(r) = −iωpδ(r − rd), where rd
is the position of the QD and p is the dipole moment. The
emitted power of the dipole can be calculated as:34

P ¼ � 1
2

ð
V
Re J*ðrÞ � EðrÞ� �

dV ¼ ω

2
Im½p � EðrdÞ�: ð5Þ

The total emitted power, PT, can be calculated by evaluating
the total field, ET(rd), but also the power into individual
modes, Pj, by evaluating Ej(rd). Placing the dipole on-axis
inside an infinitely long nanowire with position zJ will result in
the following electrical field:

ETðrÞ ¼
X
j

aJje
þ
j ðr?Þ expðiβjðz � zJÞÞ ðz > zJÞ ð6Þ

ETðrÞ ¼
X
j

bJje
�
j ðr?Þ expð�iβjðz � zJÞÞ ðz , zJÞ; ð7Þ

where the superscript + refers to forward propagating and −
refers to backward propagating. For the electrical fields,
the forward and backwards propagating fields are identical:
ej = eþj = e�j . a

J
j and bJj are the field expansion coefficients and
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in an infinite structure, such as the nanowire, have the follow-
ing simple expressions:33

aJj ¼ ��iωp � eþj ðrdÞ
2

ð8Þ

bJj ¼ ��iωp � e�j ðrdÞ
2

: ð9Þ

The expansion coefficients can then be represented by vectors:

a1NW ¼ aJ1 aJ2 . . . aJN
� � ð10Þ

b1NW ¼ bJ1 bJ2 . . . bJN
� �

; ð11Þ

where subscript ∞NW refers to the infinite nanowire.
3.1.3. Multilayered structures and scattering matrices. The

reflection and transmission matrices are used to connect the
field at the interfaces between the layers. These matrices are
derived from the boundary condition that the tangential com-
ponents of the electric and magnetic field are continuous
across an interface.33 The coefficients in the matrices describe
how a given mode is transmitted or reflected into another
mode. A reflection matrix is shown in eqn (12).

R ¼
r11 r12 r13 . . . r1N
r21 r22 r23 . . . r2N
..
. ..

. ..
. . .

. ..
.

rN1 rN2 rN3 . . . rNN

2
6664

3
7775: ð12Þ

The r11 coefficient represents the reflection of the funda-
mental mode back into itself, while the remaining part of the
first column represents the reflection of the fundamental
mode into all other modes and so forth. Propagation matrices
are used to propagate the field inside a layer and are defined
in the following way:

PðzÞ ¼
eiβ1z 0 0 . . . 0
0 eiβ2z 0 . . . 0
..
. ..

. ..
. . .

. ..
.

0 0 0 . . . eiβNz

2
664

3
775: ð13Þ

The total field inside the structure can then be calculated
by taking into account the round-trips which the initially
emitted light takes inside the cavity. Above the emitter, the
field takes the following expression:33

ETðrÞ ¼
X
j

aJtot; je
þ
j ðr?Þ expðiβjðz � zJÞÞ

þ btot; je�j ðr?Þ expð�iβjðz � zJÞÞ ðz > zJÞ;
ð14Þ

where the new expansion coefficients are calculated using
the following equation:33

aJtot ¼ðI� PðhbÞRbotPðhbÞPðhtÞRtopPðhtÞÞ�1

ða1NW þ PðhbÞRbotPðhbÞb1NWÞ ð15Þ

and

btot ¼ PðhtÞRtopPðhtÞaJtot: ð16Þ

Now the Purcell factor can be calculated by evaluating the
total field at the dipole position using eqn (5).

3.1.4. Far-field and efficiency. To obtain the field in the air
above the structure, we apply the propagation and trans-
mission matrix on the forward propagating light in the cavity
and thus obtain the expansion coefficients.

aair ¼ TtopPðhtÞaJtot: ð17Þ
To calculate the collected power in a lens with some

numerical aperture, a near- to far-field transformation is
used.47 The far-fields EFF(R,θ,ϕ) and HFF(R,θ,ϕ) are calculated
on the surface of a sphere with radius R, and the radial com-
ponent of the resulting Poynting vector is:

SFFðR; θ;ϕÞ ¼ ðE*
FF;θHFF;ϕ � E*

FF;ϕHFF;θÞ: ð18Þ

The collected power in the far-field is then:

PFFðNAÞ ¼ 1
2
R2

ð2π
0

ðθNA
0

SFFðR; θ;ϕÞ sinðθÞdθdϕ

¼
ð2π
0

ðθNA
0

pFFðθ;ϕÞ sinðθÞdθdϕ;
ð19Þ

where pFF(θ,ϕ) is the power per unit solid angle in the far-field
and θNA is determined by the NA (NA = sin (θNA)). The R depen-
dence cancels out as the Poynting vector scales as 1/R2.

3.1.5. Single-mode Fabry–Pérot model. When calculating
the Purcell factor using the SMM, we only consider the funda-
mental mode. The SMM equations equivalent to eqn (15) and
(16) are

aJtot;SMM ¼ aJ1
1þ r11;botei2hbβ1

1� r11;botr11;topei2htotalβ1
; ð20Þ

and

btot;SMM ¼ aJtot;SMMr11;tope
i2htβ1 : ð21Þ

The collected power in the far-field is then calculated by
inserting eqn (20) into eqn (17), and the SMM efficiency is
then defined as εs = Pcollected,SMM/PT, equivalent to the defi-
nition in the introduction.

3.2. Mode-coupling and emission channels

Important coupling effects take place at the top and bottom
interfaces of the nanowire. At both interfaces, all the modes
couple to each other, i.e. all the elements in the reflection
matrices are non-zero; however, some modes and elements are
more important than others. In Fig. 4, different examples of
mode coupling are shown along with the emission channels
that will contribute to the far-field. The sketch is divided into
two parts: the main channels and the background channels.
The main channels consist of all the light that originated as
the fundamental mode, αt and αb, which is indicated by the
red arrowheads. This is the propagating mode that experiences
sufficiently large reflections at both interfaces such that it is
Purcell enhanced.
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3.2.1. Path of the fundamental mode. Let us now follow
the path of the fundamental mode. The light emitted into the fun-
damental mode will propagate upwards and downwards indicated
by αt and αb. At the top interface the fundamental mode is:

• Transmitted into the air indicated by c1.
• Reflected, indicated by αt,r (the channel responsible for
Purcell enhancement).

• Scattered into radiation that propagates downwards indi-
cated by the red/blue arrow pointing towards the bottom
mirror. This radiation will then be reflected by the
bottom mirror and then be transmitted into the air indi-
cated by c2.

• Coupled to evanescent modes indicated by αt,r.

At the bottom interface the fundamental mode is:
• Transmitted into the mirror and lost indicated by the
green/red arrow pointing downwards at the very bottom.

• Reflected, indicated by αb,r (the channel responsible for
Purcell enhancement).

• Scattered into radiation that propagates towards the air
indicated by c3.

• Coupled to evanescent modes indicated by αb,γ.
As we will demonstrate in the following, the three radiation

channels c1, c2 and c3 are the main channels that will contrib-
ute to the far-field.

3.2.2. Path of the background emission. Let us now con-
sider the background emission channels. First, we have the
light directly emitted into radiation, indicated by the blue
arrows of βt and βb. The radiation can both be emitted

upwards or downwards and then reflected by the mirror. At
both interfaces, a small part of the radiation modes can also
couple to the fundamental mode indicated by the blue/red
arrows of βt,α and βb,α. We also have light coupled to the eva-
nescent modes, which is indicated by the long green arrows
pointing upwards and downwards of γt and γb. These modes
do not propagate in a traditional sense, but at the interfaces,
they can scatter into the fundamental mode indicated by the
green/red arrows of γt,α and γb,α at the top and bottom inter-
faces. At the top interface, the evanescent modes can also
couple to radiation and be transmitted indicated by the green/
blue arrow pointing upwards, γt,β.

4. Analysis of the Purcell factor and
efficiency

The starting point of the analysis is the emission rates in the
infinitely long GaAs nanowire, which directly represent the
initial coefficients of eqn (10) and (11) through eqn (5) and (7).
In Fig. 5, the emission rates for the present guided modes, the
radiation modes and the total emission are shown as a func-
tion of the nanowire diameter. The black dotted vertical lines
represent the interval which is used in the full simulations of
the nanopost. In this interval, the infinite nanowire only con-
tains one guided mode, the fundamental HE11 mode, and
most of the power is emitted into this mode. The emission
into radiation is suppressed in most of the interval and only
begins to increase when the diameter reaches 300 nm before
the EH11 mode appears. The emission rates thus show that the
radiation background channel (the initial coefficients for the
radiation) presumably only has a minor influence on the
Purcell factor and efficiency as long as the cavity does not sup-
press the fundamental mode. Fig. 5 cannot be used to quantify
the importance of the evanescent background channels, as the
field components of the evanescent eigenmodes only have a
real part. Later on, in the third subsection, models will be
used to quantify the effect of the evanescent background chan-
nels the finite-length nanopost structure.

4.1. Scattering of the fundamental mode at the interfaces

Here, we will study reflection and transmission at the top
interface between the GaAs nanowire and the air above. The

Fig. 4 Sketch of the nanopost and the different emission channels and
examples of mode-coupling. The emission channels are separated into
the main channels and the background channels. The red color corres-
ponds to the fundamental mode, the blue color corresponds to radiation
modes and the green color corresponds to evanescent modes. Some
arrows have two colors, where the color of the arrowhead corresponds
to the original channel, but the 2nd color on the shaft signifies the
current mode classification. As an example consider c1 which is the
transmission of the fundamental mode into the air. It has a partly blue
shaft as it is now classified as radiation, but it originated as the funda-
mental mode (red arrowhead). See main text for more information.

Fig. 5 Power emission in the infinite nanowire as a function of the dia-
meter, D. A sketch of the emission in an infinite nanowire with an
embedded QD is shown in the right part of the figure.
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fundamental mode is launched towards the interface, and
then the reflection and transmission coefficients are calcu-
lated. The power reflection coefficient for reflection of mode n
into mode m is Rm,n = |rm,n|

2, and the power transmission
coefficients are defined similarly. The total power reflection of
the fundamental into radiation is then defined as

Rrad;1 ¼
P2

s¼1

Ð k0
0 jrs;1ðk?Þj2dk?, and in the discretized regime

Rrad;1 ¼
PNk0 ;wireþ1

n¼2 jrn;1j2, where the index Nk0,wire corresponds to
the total number of radiationmodes in the nanowire. Thus the total
power reflection of the fundamental mode is Rtotal,1 = R1,1 + Rrad,1.
The total power transmission of the fundamental mode

is then defined as Ttotal;1 ¼
PNk0 ;air

n¼1 jtn;1j2 and due to power
conservation we have Rtotal,1 + Ttotal,1 = 1.

In Fig. 6, the power reflections, along with the power trans-
mission of the fundamental mode, are shown as a function of
the nanowire diameter D. By comparing the magnitudes of the
modal reflection (R1,1) and the reflection into radiation (Rrad,1),
it is clear that the reflection into radiation (c2 in Fig. 4) is
essential for the far-field. This indicates why the SMM fails to
describe the efficiency. This mechanism will have a much
smaller influence on the Purcell factor as the radiation modes
only has a small field amplitude at the center of the nanowire
shown in the previous section (Fig. 5). However, the reflection
matrix is approximately symmetric, such that the first column
and the first row is identical, r1,n ≈ rn,1. This means that a
small part of the radiation will actually scatter back into the
fundamental mode at the top interface, and this will have an
influence on the Purcell factor, which we will show later. In
general for Fig. 6, we observe small modal reflections for small
diameters and this will lead to a limited cavity effect and thus
a lower Purcell factor.

We now consider the reflections at the bottom interface
between the GaAs nanowire and the silica-gold mirror.
Compared to the top interface, there is now an additional para-
meter, namely the thickness of the silica layer, tSiO2

. The
purpose of the silica layer is to increase the reflection of the
fundamental mode and avoid coupling to surface plasmons
which would decrease the reflection.48 In Fig. 7, the bottom
reflection coefficients are shown as a function of the diameter

and the silica layer thickness. In the parameter ranges where
the modal reflection is large ∼0.9 (strong cavity effect), the
reflection into radiation is small ∼0.01. Here we do not expect
a significant contribution of the scattering into radiation, c3.
However, as the modal reflection decreases, the reflection into
radiation increases to larger values ∼0.1, and here c3 will con-
tribute to the far-field. For small diameters and low values of
the silica layer thickness, the modal reflection is small (weak
cavity effect) and the scattering into radiation is very large
∼0.2. This behavior has been described in the literature.48

Due to the scale invariance of Maxwell’s equations, both
the top and bottom reflections are broadband, which gives the
potential for broadband Purcell enhancement.

4.2. Enhanced efficiency

In the first part of this subsection, we present different
methods to model the efficiency to show how important the
different emission channels are. Then we will apply the model-
ling methods on the structure with the largest efficiency,
namely D = 238 nm and tSiO2

= 0 nm with a QD placed at the
2nd antinode.

4.2.1. Efficiency contributions of the emission channels.
We wish to separate and quantify the efficiency contributions
of the main channels and the background channels shown in
Fig. 4. We also wish to separate and quantify the direct emis-
sion of c1 and the scattered channels of c2 and c3 shown in
Fig. 4, and therefore we need two different methods. Recall
that the efficiency is calculated as ε = Pcollected/PT. For both
methods, PT is calculated using the full model, but Pcollected is
calculated such that we can either 1. separate the main chan-

Fig. 6 Reflection and transmission of the fundamental mode as a func-
tion of the diameter, D, at the top interface. A sketch of top interface
and the reflection and transmission of the fundamental mode is seen to
the right.

Fig. 7 (a) Modal reflection, R1,1 and (b) reflection into radiation of the
fundamental mode, Rrad,1, as a function of the diameter, D, and silica
layer thickness, tSiO2

, at the bottom interface. A sketch of the bottom
interface is shown in the top part of the figure.

Paper Nanoscale

6162 | Nanoscale, 2023, 15, 6156–6169 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

4/
20

24
 9

:0
1:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d2nr07132k


nels and the background channels or 2. separate the direct
emission of c1 and the scattered channels of c2 and c3.

In the first method, the reflection and transmission
matrices are unchanged; however, a varying number of the
initial coefficients, a∞NW and b∞NW of eqn (10) and (11), are
included when aJtot (eqn (15)) and thus Pcollected is calculated.
For instance, if we only include the first element of the
initial coefficients, aJ1 and bJ1, and put the remaining
elements to zero, then we only include the main channels in
Pcollected, which originated as the fundamental mode. As we
increase the number of initial coefficients included, the
background channels are added starting from the first radi-
ation mode until the last evanescent mode. ε can then be
plotted as a function of the included initial coefficients and
if this curve is flat, then the main channels dominate the
efficiency.

In the second method, the reflection and transmission
matrices are also unchanged, all initial coefficients are
included, but instead, a varying number of the final coeffi-
cients, aJtot of eqn (15), are included when Pcollected is calculated.
The first element of aJtot represents all the light that ended
up in the fundamental mode, where the main contribution
is from the fundamental mode itself, but also includes con-
tributions of the background channels which have scattered
into the fundamental mode such as βt,α, βb,α, γt,α and γb,α
seen in Fig. 4. However, by using the first method, we can
quantify how strong these contributions are. If these contri-
butions are weak, then the main channels are dominating.
Thus if only the first element of the final coefficients is
included in Pcollected, then only the direct transmission of the
fundamental mode is included in the far-field, namely c1 in
Fig. 4. Then as we increase the number of elements of the
final coefficients, the contributions of c2 and c3 are included.
In principle, channels such as βt and βb are also included,
but again we use the previous method to quantify these. ε

can then be plotted as a function of the included final coeffi-
cients, and if this curve is increasing, then the channels c2
and c3 are contributing to the efficiency.

Finally, we wish to visualize the interference between the
direct transmission of the fundamental mode and the scat-
tered channels by calculating the transmission of the funda-
mental mode and the entire background continuum
separately:

aair;HE11 ¼ TtopPðhtÞaJtot;HE11 ð22Þ

and

aair;BG ¼ TtopPðhtÞaJtot;BG; ð23Þ

where

aJtot;HE11
¼ ½ atot;1 0 . . . 0 � ð24Þ

and

aJtot;BG ¼ ½ 0 atot;2 . . . atot;N �: ð25Þ

Then the phase difference between the two contributions
can be calculated:

Δϕ ¼ argðaair;HE11Þ � argðaair;BGÞ: ð26Þ

The phase difference will be separated into TE and TM
modes. Along with the phase difference, the far-field plots of
the direct transmission of the fundamental mode (aair,HE11

),
the entire background continuum (aair,BG) and the total field
(aair) will be shown.

4.2.2. Influence of scattered radiation on collection
efficiency. We will now apply the modelling methods for the
structure with the largest efficiency, D = 238 nm and tSiO2

=
0 nm. In Fig. 8 the efficiency is shown as a function of the
initial coefficients (Fig. 8a) and the final coefficients (Fig. 8b),
expressed with the propagation constant (β/k0)

2. This corres-
ponds to using the two different methods for calculating the
efficiency presented in the previous subsection. The very first
red point in Fig. 8a corresponds to the fundamental mode
(main channels) and includes all scattering channels of the
fundamental mode (c1, c2 and c3). This is sufficient to describe
most of the efficiency. Then the initial background radiation
modes (blue) are added one by one, starting from larger values
of (β/k0)

2, i.e. from predominantly vertical emission. This part
of the curve is very flat, which means that the initial back-
ground radiation modes (channels originating from βt and βb)
are not crucial for the efficiency, which was also indicated by
the low emission rates of the radiation modes in the infinite
nanowire. Finally, the evanescent background modes (green)
are included from small negative values of (β/k0)

2, i.e. slowly
decaying evanescent modes, to large negative values of (β/k0)

2,
i.e. fast decaying evanescent modes. Here there is a small
increase due to the slowly decaying evanescent modes. Now in
Fig. 8b, the very first red point also corresponds to the funda-
mental mode but only includes the direct transmission, c1.
Here the efficiency is only ∼0.2, much smaller than the total
efficiency. Then the scattered radiation modes (blue) corres-
ponding to c2 and c3 are added one by one, also starting from
larger values of (β/k0)

2, i.e. from predominantly vertical emis-
sion. Here there is a massive increase in the efficiency, which
proves the importance of c2 and c3 to the efficiency. At some

Fig. 8 (a) Efficiency, ε (NA = 0.75), as a function of the initial coeffi-
cients expressed with the propagation constant (β/k0)

2. (b) Efficiency, ε
(NA = 75), as a function of the final coefficients expressed with the
propagation constant (β/k0)

2.
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point, there is a kink in the blue part of the curve, which is
due to the limited numerical aperture, as an NA of 0.75 corres-
ponds to (β/k0)

2 = 0.36. However, the remaining part of the
curve is not completely flat, and this is due to the non-perfect
transmission of the radiation modes of the nanowire to the
radiation modes in the air. The radiation modes of the nano-
wire mainly transmit into radiation modes with the same
value of β, but there is some scattering into the other radiation
modes. Finally, there is a tiny decrease due to the evanescent
modes, as very few of the evanescent modes transmit into radi-
ation at the top interface. By comparing the evanescent parts
of Fig. 8a and b, we see that the effect of the evanescent
modes is mainly back scattering into other modes at the inter-
faces rather than direct transmission scattering. To summar-
ize, the key point in the comparison between Fig. 8a and b is
that the scattering into radiation of the fundamental mode is
crucial for the efficiency.

Now we will visualize the interference between the direct
transmission of the fundamental mode and the scattered
channels by inspecting the phase changes and the far-fields.
In Fig. 9a, the phase difference in the air layer between the
direct transmission of the fundamental mode and the entire
background is shown as a function of the propagation con-
stant for TE and TM modes. For the light that propagates verti-
cally, the phase difference is close to zero, such that there is
constructive interference between the direct transmission and
the background radiation. For the light that propagates hori-
zontally, the phase difference is closer to π, and thus there is
destructive interference. In Fig. 9b, c and d the far-fields of the
direct transmission of the fundamental mode, the background
radiation and the total field are shown. Here we can directly
observe the effect caused by the phase difference. In the center

of the total far-field, the field is enhanced due to the construc-
tive interference, but for the light that propagates horizontally
there is destructive interference. As such, the interference
between the direct emission and the radiation focuses the far-
field.

A similar analysis of the efficiency for the structure with the
largest Purcell factor is included in ESI section 4.†

4.3. Enhanced Purcell factor

As shown in Fig. 2, there are deviations between the full model
and the SMM for the Purcell factor, and we wish to understand
where these deviations appear. Therefore we will introduce a
model which can identify where these deviations appear and
apply the model on the structure with the largest Purcell
factor, namely D = 250 nm and tSiO2

= 13 nm.
4.3.1. Purcell factor contributions from the emission chan-

nels. To gain physical insight into the physics of the Purcell
factor, we will use a model which stepwise increases the com-
plexity. At each step the Purcell factor is calculated Fp =
PT/PBulk along with the power into the fundamental mode,
PHE11

/PBulk. The starting point is the SMM, where only the funda-
mental mode is included; then, in seven steps, the complexity
increases until the full model is reached. Specifically, the
initial inputs (a∞NW and b∞NW) and the top and bottom reflec-
tions (Rtop and Rbot) will be manipulated at each step. Each
step has a direct physical interpretation. We will now list the 7
steps in the model and for each step, write up the physical
effect that is now included. This means that for each step in
the model, all previous effects are also included.

1. SMM
2. Scattering of the fundamental mode at the top interface
3. Scattering of the fundamental mode at the bottom

interface
4. Back-scattering of the background continuum to the fun-

damental mode at the top interface
5. Back-scattering of the background continuum to the fun-

damental mode at the bottom interface
6. Scattering of the background continuum to itself at both

interfaces
7. Including initial background continuum
Steps number 4 and 5 correspond to the process HE11 →

radiation/evanescent → HE11 which is a recycling effect, and
we will show the importance of this process for the Purcell
factor. Step number 6 corresponds to the process radiation/
evanescent → radiation/evanescent, which also opens up for
further scattering channels such as radiation/evanescent →
radiation/evanescent → HE11.

The 7 steps can then be translated to the initial inputs and
the top and bottom reflections in the following schematic way:

aðαÞ1NW ¼ ½ 1 7 . . . 7 � ð27Þ

bðαÞ
1NW ¼ ½ 1 7 . . . 7 � ð28Þ

Fig. 9 (a) The phase difference between the direct transmission of the
fundamental mode and the background continuum for TE and TM
modes as a function of the propagation constant, β/k0. (b) The far-field
of the fundamental mode. (c) The far-field of the background conti-
nuum. (d) The total far-field. The white dotted line indicates NA = 0.75.
Be aware of the different color scales that have been used for the far-
fields.
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RðαÞ
top ¼

1 4 4 . . . 4
2 2 6 . . . 6
2 6 2 . . . 6
..
. ..

. ..
. . .

. ..
.

2 6 6 . . . 2

2
66664

3
77775
top

ð29Þ

RðαÞ
bot ¼

1 5 5 . . . 5
3 2 6 . . . 6
3 6 2 . . . 6
..
. ..

. ..
. . .

. ..
.

3 6 6 . . . 2

2
66664

3
77775
bot

: ð30Þ

Here, the superscript α represents the seven complexity
steps. For a given step α, each matrix entry >α is set to zero,
while entries ≤α keep their original value. We will use the step
α = 4 as an example:

að4Þ1NW ¼ ½ a1 0 . . . 0 � ð31Þ

bð4Þ
1NW ¼ ½ b1 0 . . . 0 � ð32Þ

Rð4Þ
top ¼

r11 r12 r13 . . . r1N
r21 r22 0 . . . 0
r31 0 r33 . . . 0
..
. ..

. ..
. . .

. ..
.

rN1 0 0 . . . rNN

2
666664

3
777775
top

ð33Þ

Rð4Þ
bot ¼

r11 0 0 . . . 0
r21 r22 0 . . . 0
r31 0 r33 . . . 0
..
. ..

. ..
. . .

. ..
.

rN1 0 0 . . . rNN

2
666664

3
777775
bot

: ð34Þ

At each step in the previous model building, the entire
background continuum was added, i.e. the entire column or
row was added at once. As such, it is difficult to quantify
which part of the background continuum that is important.
Therefore we will also present the models where the elements
for the background continuum are increased one at a time. In
this way it can be quantified how the different parts of the
background continuum contribute to the Purcell factor.

4.3.2. Influence of radiation modes on the Purcell factor.
We will now apply the model for the Purcell factor for the
structure with the largest Purcell factor, D = 250 nm and tSiO2

=
13 nm. In Fig. 10, the Purcell factor is shown as a function of
the dipole position from the bottom, hb. The agreement
between the SMM and the full model for the 1st antinode is
good, but there are deviations for the 2nd and 3rd antinodes.
Nevertheless, we will focus on the analysis of the 1st and the
2nd antinode.

In Fig. 11a and b, the Purcell factor and the power enhance-
ment of the fundamental mode are shown as a function of the
model complexity progression for the 1st and 2nd antinode
(model complexity number α will be shortened n. α).
Evidently, the analysis of the Purcell factor is complicated due
to contributions of the entire background continuum, multiple
scattering channels and feedback mechanism. Therefore there

are changes in the Purcell factor for all steps in the model
complexity, which makes it challenging to model the Purcell
factor using only a few modes. The continuum of radiation
modes can be modelled using leaky modes, which can enable
the modelling using only a few modes. This has been demon-
strated in photonic crystal microcavities where strong feedback
mechanisms also were present.49 However, by using the pre-
sented model, we will obtain an in-depth physical insight.

The Purcell factor starts at the same value with the SMM for
both antinodes. By including scattering of the fundamental
mode at the top interface (n. 2) there is a significant increase
for the 2nd antinode but a very small decrease for the 1st anti-
node. Already now, the deviations compared to the SMM have
started to appear. By including the scattering at the bottom
interface (n. 3) the 2nd antinode is almost unaffected, but a
small decrease appears for the 1st antinode. Now including
the back-scatteringat the top interface (n. 4), there is a large
decrease in the Purcell factor at both antinodes. This decrease
is directly represented in PHE11

/PBulk. Interestingly, when

Fig. 11 Purcell factor (PT/PBulk) and fundamental mode enhancement
(PHE11

/PBulk) for the 1st (a) and 2nd (b) antinode as a function of the
model complexity progression. In (c) and (d) the background continuum
is continuously included between each model complexity.

Fig. 10 Purcell factor, Fp, computed using the full model and SMM as a
function of the dipole position from the bottom interface, hb. D =
250 nm and tSiO2

= 13 nm.
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including the back-scattering at the bottom interface (n. 5),
there is now a large increase in the Purcell factor at both anti-
nodes, which is also represented in PHE11

/PBulk. This also
shows that the recycling effect HE11 → radiation/evanescent →
HE11 can provide both negative and positive contributions.
When the background is allowed to scatter to itself, i.e. radi-
ation/evanescent → radiation/evanescent (n. 6), there is an
increase for both antinodes. This increase is directly rep-
resented in PHE11

/PBulk, which in fact means that the process
radiation/evanescent → radiation/evanescent → HE11 is domi-
nating compared to radiation/evanescent → radiation/evanes-
cent itself. Finally, by including the initial background (n. 7),
there is an increase for the 2nd antinode but a decrease for
the 1st antinode. These changes also correspond to the change
in PHE11

/PBulk, which means it is the process of radiation/
evanescent → HE11 that is important for the initial background.

The main differences between the two antinodes appear,
when the fundamental mode scatters at the top interface (n. 2)
and when the initial background (n. 7) is included. To better
understand which part of the background continuum is
important, we will also consider the continuous steps of the
model complexity. This is now shown in Fig. 11c and d. Here
we observe that the main positive contributions at the 2nd
antinode are due to the slowly decaying evanescent modes.
This is the process of HE11 → evanescent at the top interface
and the process of the initial background evanescent → HE11.
For the back-scattering at the interfaces (n. 4 and n. 5), we
observe that the propagating radiation modes can also signifi-
cantly affect the Purcell factor.

An additional important observation is that PHE11
/PBulk

exceeds PT/PBulk for the first antinode due to the negative con-
tributions. This would in fact result in β factors above 1 using
the definition βHE11

= PHE11
/PT. This indicates that the β factor

might not be a suitable figure of merit for structures where the
SMM breaks down, or at least one should be very careful in the
definition of the β factor. Alternatively, the typical interpret-
ation of the β factor as a standard power fraction should be
reconsidered in the regime of the SMM breakdown.

The analysis of the Purcell factor for the structure with the
largest efficiency, D = 238 nm and tSiO2

= 0 nm, is included in
ESI section 5.†

4.4. Wavelength dependence

In this section, we will present the broadband performance of
the nanopost. The focus will be on the designs with the largest
Purcell factor and efficiency, respectively.

In Fig. 12a, the Purcell factor is shown as a function of the
wavelength for the 1st and 2nd antinode of the structure with
the largest Purcell factor. The Purcell factor of the 2nd anti-
node performs better than the 1st antinode close to the reso-
nance wavelength, and the spectral width at FWHM (full width
half maximum) of the antinodes are approximately Δλ2nd =
27 nm and Δλ1st = 28 nm showcasing the broadband perform-
ance. The spectrum for the two antinodes is not completely
symmetric, and the two curves for the antinodes also cross
further away from the resonance. In Fig. 12b, the Purcell factor

is shown as a function of the wavelength for the 1st and 2nd
antinode of the structure with the largest efficiency (at reso-
nance). Here the Purcell factor is much lower and the spectral
width much broader at Δλ2nd = 52 nm and Δλ1st = 56 nm.
Furthermore, the resonance wavelength for the 1st antinode is
slightly shifted to λr = 931.5 nm. This can be explained by the
low Q factor and the neighbouring low Q factor cavity modes,
i.e. the cavity modes with 2 and 4 antinodes. Due to the low Q
factor, there is a small spectral overlap causing the slight shift.
In the ESI section 6,† we present a nanopost design where the
resonance wavelength shift is more pronounced between the
two antinodes.

In Fig. 12c and d the efficiencies (NA = 0.75) are shown as a
function of the wavelength for the 1st and 2nd antinode for
the two structures. The main characteristic of the efficiency is
that it does not follow the Purcell factor, which is surprising
compared to traditional Fabry–Pérot cavities. Instead, the
efficiency changes roughly linearly across the resonance, and
in general, the slope for the 2nd antinode is negative and posi-
tive for the 1st antinode. This means that the maximum
efficiency is in fact achieved off-resonance, ε2nd,NA = 0.75(λ =
880 nm) = 0.71, but at a much smaller Purcell factor.

4.4.1. Analysis of the broadband collection efficiency. In
the previous work on the nanopost,30 the broadband efficiency
was attributed to the broadband β factor, which again was
attributed to the dielectric screening effect. This can also be
seen in Fig. 5, where the emission into radiation modes is sup-
pressed in most of the interval. Here we will define the β factor
for the fundamental mode as βHE11

= PHE11
/PT, even though it

exceeds 1 as we have already shown. The focus is on the struc-
ture with the largest efficiency at resonance, D = 238 nm and
tSiO2

= 0 nm.
In Fig. 13, βHE11

is shown as a function of the wavelength
for the 2nd and 1st antinode and the infinite nanowire. βHE11

Fig. 12 (a) and (b) Purcell factor, Fp, of the two antinodes for the two
structures as a function of wavelength, λ. (c) and (d) efficiency, ε (NA =
0.75), of the two antinodes for the two structures as a function of wave-
length, λ. The numerical uncertainty is represented by the thickness of
the curves.
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is close to 1 (both above and below) in the entire interval,
which indicates that the fundamental mode is still the domi-
nating contribution. Due to the broadband βHE11

of the infinite
nanowire, it is not required to be on resonance to obtain large
values of βHE11

, and the QD would need to be very close to a
node before βHE11

would decrease. Regardless, the fundamen-
tal mode scatters into radiation which affects PT such that
βHE11

does not follow a Lorentzian curve like the Purcell factor.
To quantify how dominating the fundamental mode is for

the efficiency, we will use the first method presented in
section 1 to separate the main channels (c1, c2 and c3) from the
background channels. In Fig. 14, we compare the efficiency of
the full model to only including c1, c2 and c3 for both anti-
nodes. By comparing to Fig. 13 we observe that the curves for
the main channels directly follow the trend of βHE11

. However,
there is a discrepancy between the efficiency of the full model
and only using the main channels of c1, c2 and c3. This discre-
pancy is not at a minimum on resonance (λ = 930 nm), but
almost at the minimum when βHE11

= 1 for both antinodes. We
observe that for βHE11

< 1, the background channels provide a
positive contribution to the efficiency, while for βHE11

> 1 the
background channels provide a negative contribution. This
shows that the β factor is still useful in the analysis but not
necessarily a figure of merit for SPSs in the breakdown of the
SMM. Furthermore, Fig. 14 shows that the background chan-
nels still interfere with the main channels causing this discre-
pancy and even changing the slope of the curves for the

efficiency. As an example we will consider two wavelengths for
the 2nd antinode and use the first method presented in
section 1:

In Fig. 15 the efficiency is shown as a function of the initial
coefficients expressed with the propagation constant (β/k0)

2 for
the two wavelengths λ = 890 nm and λ = 970 nm at the 2nd
antinode. Again the first red point corresponds to including all
the main channels, and then background channels are added.
For λ = 890 nm, the initial propagating background radiation
provides a significant increase to the efficiency, while the eva-
nescent modes provide no change. On the other hand, for λ =
970 nm, the initial propagating background radiation provides
a significant decrease to the efficiency, while the evanescent
modes provide a positive increase to the efficiency. This also
showcases the complex interplay between the main channels
and the background channels.

5. Perspective

We have shown that contributions from multiple scattering
channels influence both the Purcell factor and especially the
collection efficiency. Unlike traditional Fabry–Pérot cavities,
where scattering of the light is viewed simply as a loss mecha-
nism, this scattering is in fact beneficial for the performance
of the nanopost SPS. Importantly, this scattering mechanism
decouples the efficiency from the Purcell factor directly chal-
lenging a well-known design paradigm that maximum collec-
tion efficiency is obtained on resonance. The identification of
this mechanism opens a door to unconventional SPS design
approaches, especially in the non-resonant regime where the
scattering coefficients are no longer analysed and optimized
with respect to the fundamental HE11 mode alone, and where
definitions of fundamental performance parameters such as
the spontaneous emission β factor need to be revisited.

For the nanopost itself, this invites to a new optimization of
the collection efficiency with respect to all geometrical para-
meters. The maximum collection efficiency will be obtained
for a reduced Purcell factor due to the new trade-off between
efficiency and Purcell enhancement. Potential future work on
the nanopost design could also be to explore the properties of
cavity modes with different orders than 3. Additionally, struc-

Fig. 13 βHE11
= PHE11

/PT as a function of the wavelength, λ, for the 2nd
and 1st antinode and the infinite nanowire. The numerical uncertainty is
represented by the thickness of the curves.

Fig. 14 Efficiency, ε (NA = 0.75), as a function of the wavelength, λ, for
the 2nd antinode (a) and 1st antinode (b). The full model is compared to
only using c1, c2 and c3. D = 238 nm and tSiO2

= 0 nm. The thickness of
the curves represents the numerical uncertainty.

Fig. 15 Efficiency, ε (NA = 0.75), as a function of the initial coefficients
expressed with the propagation constant (β/k0)

2 for λ = 890 nm (a) and λ

= 970 nm (b) at the 2nd antinode.
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turing the bottom mirror could also lead to increased perform-
ance. Adding rings around the nanopost could positively alter
the scattering mechanism while also bridging the gap to the
closely related bullseye design,16,28,29 which also features
broadband collection efficiency independently of the Purcell
factor. Despite flourishing literature on the bullseye design,
the physical mechanisms underlying the performance is still
unclear. The analysis of the bullseye will be more challenging
as the inner mesa/nanowire features larger diameters resulting
in additional guided modes. The rings around the inner mesa
will also heavily influence the radiation modes and their mode
profiles. This will, in turn, lead to changes in the emission
rates and the reflection matrices and, thus, the scattering
channels. In typical bullseye structurese,16,28,29 which are
numerically optimized, the silica layer is hundred of nano-
meters thick. Here we anticipate that such large thicknesses
will also result in increased mode coupling as light diverges
when propagating in the silica.

6. Conclusions

We have shown that the traditional Fabry–Pérot single-mode
model, which typically provides an excellent description12–14 of
the physics for cavity-based single-photon sources, signifi-
cantly underestimates the achievable performance of the nano-
post structure. Using a modal expansion method, we have per-
formed a detailed analysis of the emission channels. We have
shown that in particular the collection efficiency benefits sig-
nificantly from a contribution from light scattered to radiation
modes, which often is simply considered a loss mechanism.
This scattering into radiation modes not only allows for
improved collection efficiency but also decouples the collec-
tion efficiency from the Purcell factor, such that optimum per-
formance is obtained off-resonance. Our parameter scan of the
nanopost structure reveals an achievable Purcell factor Fp of
7.9 or a collection efficiency ε of 0.69 obtained for two very
different parameter sets. Our work invites further exploration
of unconventional SPS design mechanisms, especially in the
non-resonant regime.
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