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Abstract. We examine the problem of efficiently collecting the photons produced by solid-state single
photon sources. The extent of the problem is first established with the aid of simple physical concepts.
Several approaches to improving the collection efficiency are then examined and are broadly categorized
into two types. First are those based on cavity quantum dynamics, in which the pathways by which the
source may emit a photon are restricted, thus channeling emission into one desired mode. Second are
those where we try to reshape the free space modes into a target mode in an optimal way, by means of
refraction, without fundamentally altering the way in which the source emits. Respectively, we examine a
variety of microcavities and solid immersion lenses. Whilst we find that the micropillar microcavities offer
the highest collection efficiency (∼70%), choosing this approach may not always be appropriate due to
other constraints. Details of the different approaches, their merits and drawbacks are discussed in detail.

PACS. 03.67.Dd Quantum cryptography – 42.79.Gn Optical waveguides and couplers –
12.20.-m Quantum electrodynamics

1 Introduction

The emission of light is central to a wide range of tech-
nologies and continues to provide a fascinating and im-
portant area of research. A particularly topical aspect is
spectroscopy at the single molecule level and is of interest
in chemistry and biology as well as physics [1]. This level
of control over optical sources has led to the prospect of
new applications, notably the single photon source. Such
sources would be valuable in many areas, e.g. as stan-
dards for light detection, for sub-shot noise measurements,
for testing quantum mechanics and in the field of quan-
tum information. In the latter area the source is a vital
component in the development of quantum cryptography,
more accurately referred to as quantum key distribution
(QKD). This is perhaps the first application of truly quan-
tum concepts to provide the potential for an entirely new
way of communicating. The basic idea is to transfer infor-
mation at the level of single quanta, making direct use of
quantum mechanics to prevent the secret key being bro-
ken. Most implementations rely on photons as the quanta,
as is clear from the many articles in this special issue.
There are two ways in which we may attempt to produce
a train of single photons, attenuated lasers and sources
based on single emitters.
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1.1 Attenuated lasers sources

Here a pulsed laser beam is simply attenuated with neu-
tral density filters until there is on average a fraction
of a photon per pulse [2]. This technique requires no
new technology, provides a well-directed output, is nar-
row band and can be accomplished at almost any desired
wavelength. Despite these numerous attributes, attenu-
ated laser beams suffer from one important drawback; that
of exhibiting Poissonian statistics. Not all the attenuated
pulses contain one photon, many will contain zero photons
thus limiting the effective data rate for key distribution.
More seriously, some pulses will contain two or more pho-
tons. The problem here is that multiple photon pulses offer
the prospect of undetected eavesdropping. Increasing the
attenuation to further limit the number of multiple photon
pulses helps, but does not altogether remove the problem,
since this yields even more “empty” pulses.

1.2 Sources based on single emitters

To overcome the multiple photons per pulse problem one
has to switch to sources that are only capable of emit-
ting one photon at a time. Spontaneous emission from a
single molecule is a simple example; the molecule is first
excited, it then decays to produce a photon, after which it
can be re-excited to produce the next photon etc. Emis-
sion based on a single molecule does not follow Poissonian
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statistics since there is zero probability for the produc-
tion of multiple photons. Such sources are said to exhibit
“anti-bunching”, since the photons cannot be bunched to-
gether more than one at a time [3]. Whilst the attractions
of such a source for quantum key distribution are clear,
their implementation is not without difficulties. Particu-
larly important for us is the fact that whilst an attenuated
laser beam is directional and therefore easily collected,
emission from single emitters is often well approximated
as omni-directional; this is at the heart of the problem
of collection efficiency. As might be imagined, research in
this area has overlap with that in others, notably single
molecule spectroscopy.

Single molecules are not the only emitter sources; other
elegant solutions have been both proposed and developed,
notably emitters that make use of our impressive ability
to manipulate electronic states in semiconductors through
nanoscale control of materials and device geometry. The
basic idea is to limit the number of charge carriers enter-
ing a device so that only one exciton can be formed at
a time. If this can be accomplished only one photon is
produced when the exciton decays via radiative recombi-
nation. Use of the Coulomb blockade has been proposed [4]
and demonstrated [5] to inject single charge carriers whilst
others have made use of the Pauli exclusion principle [6].
Although the feature of only one exciton at a time may
be thought to be an essential requirement for single pho-
ton emission, this is not so. Quantum dots may also be
used in which rather than limiting the number of charge
carriers in the device at any one time spectral strategies
are deployed to ensure only emission from one exciton is
used. This can be achieved because interactions between
excitons lead to different exciton energies, the last exciton
to decay having a unique emission frequency that can be
selected with appropriate spectral filtering [7,8].

1.3 The requirements of a single photon source

To produce single photons on demand we need to accom-
plish several things; we have to,

(a) isolate a single emitter;
(b) excite the single emitter;
(c) collect and direct the emitted photons into the optical

system to be used for key distribution.

We might also consider other desirable attributes such
as a narrow emission wavelength to allow filtering to be
used at the detection end of the quantum channel; this
helps to reduce background noise levels. Some schemes
also require the photons to be in a well-defined polariza-
tion state; a high quantum efficiency emitter would also be
desirable. In addition, knowing when to expect the pho-
ton would be very useful to allow time-gated detection.
This last aspect requires either a very short fluorescence
lifetime or the use of parametric down conversion; one
photon is used to encode information the other to act as
a timing trigger [9]. Whilst these are all fascinating topics
in their own right, for the purpose of the present article
we will focus on the collection efficiency.

1.4 State of the art

To date several groups have demonstrated generation of
single photons using a variety of emitters. There are
schemes based on single molecules [10,11], or single de-
fect sites [12,13], those based on quantum dots (artificial
atoms) [7,8,14,15] (see also the article by Gérard et al.
in this issue) quantum wells [5] and nano-crystals [16].
It is not our purpose to review all of these reports here;
rather we simply note some of the important characteris-
tics these sources exhibit. First and foremost, the schemes
demonstrated thus far have in general rather low collec-
tion efficiencies, typically of order 1%. To remedy this low
efficiency it is important to understand the nature of the
problem, a problem that can be viewed in two ways.

The coupling between atoms, molecules etc. and opti-
cal radiation is in general rather poor simply because of
the significant size mismatch between atomic wavefunc-
tions and the wavelength of the emitted radiation. This
is a fundamental fact that cannot be “engineered away”.
Rather we have to devise strategies to cope with it. Syn-
thetic atoms such as quantum dots have larger sizes, but
there is still a big mismatch. The problem caused by this
mismatch is that in general we wish to generate not just
any photon; we want to generate a single optical mode,
typically that of an optical fiber. Our task is then to distort
the modes into which emission may take place by adjust-
ing the local photonic environment. We can see how such
a distortion may be effective by recalling Fermi’s Golden
rule,

Γij ∝ |Mij |ρ(ωij) (1)

Γij is the rate of spontaneous emission (i.e. the probability
of emission), Mij is the matrix element that connects the
excited and ground states of the emissive species via the
radiative decay channel (usually an electric dipole tran-
sition) and ρ(ωij) is the photonic mode density at the
emission frequency ωij . For the case of emission in free
space, all directions of emission are allowed and there will
be a poor match to the single mode of our desired opti-
cal system. Viewing the problem in this way leads one to
think of physical solutions, i.e. ways in which the physical
(photonic) environment may be manipulated to adjust the
modes into which spontaneous emission may take place.
Such manipulation is at the heart of cavity Quantum Elec-
trodynamics (cavity QED). Consequently, we often refer
to physical solutions to the collection problem as CAVITY
QED approaches.

It is our purpose to review the ways in which this may
be done. Before doing so it is worth looking at this prob-
lem from an alternative perspective. In its simplest sense
our single emitter amounts to a very well localized source
that emits photons isotropically. There are good practical
reasons why it is convenient to confine our emitter to a
solid medium; principally this helps us locate and isolate
the source. We are thus faced with an immediate prob-
lem; how to get the light out of this material and into
our (single mode) optical system. To see the nature of the
problem we refer to Figure 1. Photons emerging such as
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θ c 

Fig. 1. The total internal reflection problem for light emerg-
ing from within a slab of material. Emission directions are re-
stricted to those below the critical angle θc.

to make an angle of more than the critical angle with the
normal will be totally internally reflected. A simple anal-
ysis of this problem leads to an estimate of the fraction
of emission that escapes the material surface as 1/2n2, n
being the refractive index of the material, emission being
assumed to take place into air. For an organic material this
may amount to 20% whilst for an inorganic semiconduc-
tor such as GaAs it may be no more than 3%; it can thus
be an acute problem. Indeed, the situation is likely to be
worse than this since not all light emerging from the mate-
rial is likely to fit the numerical aperture of the collection
system. It is principally for this reason that most reported
collection efficiencies have been estimated at <1%. View-
ing the collection problem in this geometric way naturally
leads one to think of geometric solutions. These exist, par-
ticularly in the form of the solid immersion lens, and will
be discussed in Section 3.

Having established the nature of the problem we may
now look at how it may be overcome; there is a large
literature on this topic in the context of improving the
efficiency of other optical sources, notably the light emit-
ting diodes [17]. Not all of the approaches used to im-
prove emission from LEDs may be used in the context of
single photon sources owing to the spatial resolution re-
quired from the collection optics in order to isolate a sin-
gle source; this will be discussed further in Section 2.2.
We begin Section 2 by looking at physical or Cavity
QED approaches to the collection problem; geometrical
approaches will be discussed in Section 3.

2 Improving the collection efficiency – cavity
QED approaches

Altering the local electromagnetic boundary conditions
changes the photonic mode density in the neighbourhood
of an emitter, something we hope to do to our advan-
tage. The logical extreme of such an approach is a use-
ful conceptual starting point, something we may call the
“ideal photonic box” with which we could ensure the per-
fect collection of the emission from a radiating dipole.
The box provides three-dimensional confinement of elec-
tromagnetic radiation and leads to the formation of a dis-
crete series of confined modes. If these modes are well
separated spectrally on the scale of the emitter linewidth,
and if the emitter is coupled to a non-degenerate confined

mode then only a single pathway will exist for the ra-
diative de-excitation of this emitter: all photons will be
emitted into this single cavity mode.

As proposed by Yablonovitch [18], this ideal situation
could be achieved by using a 3D photonic crystal as a
perfect mirror, and a tailored defect within this crystal
to define the cavity. Besides being collected in an ide-
ally efficient way, emitted photons would also be prepared
in a given spatial mode, so that emitted light would ex-
hibit spatial coherence. This approach, which relies mostly
on the inhibition of SE into unwanted modes, requires
highly reflective 3D photonic crystals at optical frequen-
cies. Though such truly monomode cavities are not yet
available, recent developments in this context are very en-
couraging [19].

In view of the problems in attaining this ideal sit-
uation, several simpler but effective alternatives are be-
ing pursued. In the remainder of Section 2 we will iden-
tify these alternatives, examine their efficiency and look
at their limitations. We start our discussion of collection
strategies with one of the simplest, the planar microcavity.
In this situation the rate of the emitter is not significantly
altered, rather the pathways by which it may loose its
energy are simply restricted.

At this stage we need to mention the different ways in
which the collection efficiency may be defined. We will be
using three parameters; η, β and βu. The first of these,
η, is the fraction of the spontaneous emission collected
by the collection optics. For example, this could be the
fraction of 4π steradians that can be coupled from an
isotropic source to an optical fiber using a simple lens.
This is the most obvious parameter associated with col-
lection efficiency and will be the one we refer to most
frequently.

The situation is somewhat more complex in cavity
QED approaches. Where cavity QED effects are used to
ensure emission is predominantly into one mode we need
to consider the collection efficiency of that one mode. In
this case we need to consider the second and third pa-
rameters, β and βu. β is the fraction of the spontaneous
emission that goes into one particular single mode − the
desired mode. (This mode may be single even to the extent
of being polarized in a particular state.) This fraction β
is the important parameter in micro-lasers but less imme-
diately useful here since it does not tell us how well this
desired mode is collected by the collection optics. The pa-
rameter βu is used for this purpose; it is the fraction of the
spontaneous emission that is both emitted into the desired
mode and collected by the collection optics. In general βu

will be less than β. This is due to both photons in the
desired mode being wasted, e.g., through scattering by
roughness and because the collection optics may not be
able to collect all photons emitted by the mode. For the
purposes of comparison we can make the rough approxi-
mation that η ≈ βu, thus allowing us to compare multi-
mode and single mode systems. We have mentioned these
facts because some quantum key distribution schemes re-
quire photons of a given polarization and these may be
produced from cavity QED schemes where only emission
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into a truly single mode is used. However, these are sub-
tleties that are not yet the most important factors since
present collection efficiencies are so low. As efficiencies in-
crease the question of whether the photons produced by
the source all come from the same mode will become more
important. To facilitate comparison between the different
approaches discussed here we quote figures for the collec-
tion efficiency η throughout, discussing the other param-
eters where appropriate.

2.1 Planar microcavities

The planar microcavity is perhaps the most extensively
studied system owing to the very similar nature of the
problem of improving the efficiency of light emitting
diodes. Several authors have studied this problem in depth
and discussed the merits and problems of alternative mi-
crocavity schemes [17,20–24]. Here we will restrict our-
selves to a summary of this work, presenting representa-
tive results and calculations to inform our discussion.

Placing the emitter in a microcavity leads to the fields
produced by the source being reflected back to the emis-
sion site; these reflected fields act to drive the emitter.
If the reflected (and retarded) field is in phase with the
source then emission will be enhanced; conversely, if it is
out of phase emission will be inhibited. Another way to
view the effect of the microcavity is that the microcav-
ity alters the allowed electromagnetic modes in the vicin-
ity of the source; if the emitter is in resonance with the
mode then emission will be enhanced and vice versa. If
the number of modes can be restricted to just one then
we will have gained full control over the emission. This ap-
proach cannot fully be accomplished in practice owing to
various limitations to be discussed below, notably losses
associated with the cavity mirrors.

In its simplest form the microcavity consists of a wave-
length thick slab of emissive material sandwiched between
two mirrors. There are two choices for the mirrors; met-
als and distributed Bragg reflectors (DBR). Hybrid struc-
tures employing one mirror of each type are also possible
and are often convenient from a fabrication standpoint; a
substrate can be prepared in the form of a Bragg mirror,
the emissive layer can then be deposited, and a metal-
lic top mirror can then be applied. It might be assumed
that metals are not a wise choice for mirrors since they
exhibit absorption and may thus reduce efficiency; they
are also known to support non-radiative surface plasmon
(SP) modes, modes that constitute another loss mecha-
nism. However, microcavities based on Bragg reflectors
have their problems too, notably because Bragg mirrors
do not act as good reflectors for all wavelengths and all
angles of emission, some photons thus “leak” away.

As described above, the effect of the mirrors is to al-
ter the allowed modes in the immediate environment of
the emitter. The dispersion diagram for a microcavity
is shown schematically in Figure 2. Here the frequency
and in-plane wavevector of the allowed modes have been
sketched. To maximize efficiency, the best strategy is to
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Fig. 2. Schematic dispersion diagram (angular frequency (ω)
vs. in-plane wavevector (kx) of modes of a microcavity having
perfectly reflecting mirrors, separated by a distance d. The light
line ω = ck0/ncav represents the maximum in-plane wavevec-
tor a mode photon can have in the cavity material, refractive
index ncav. The shaded region represents those wavevectors
within the light line for air ω = ck0 and thus represents the
region of the dispersion diagram for which modes may be col-
lected given a collection optics system with NA = 1.

ensure that the microcavity supports only the lowest or-
der mode at the emission frequency (i.e. the mode with
reduced frequency equal to 1 in Fig. 2). By having only
one mode into which emission may take place the emis-
sion into unused, “wasted” modes is minimised. Further,
by making the emission frequency resonant with this mi-
crocavity mode the emission emerges from the microcavity
primarily in the forward direction, ideal for our purposes.

The particular choice of mirror combination makes sur-
prisingly little difference to the overall efficiency [24]. We
choose to examine a hybrid DBR/metal mirror system
since this is a well-proven technology in the context of or-
ganic light emitting diodes. For this system the calculated
efficiency for emission into the full half space above the
microcavity (NA = 1) is η = 41% and into a cone of an-
gles corresponding to a numerical aperture of NA = 0.5
the efficiency is η = 30%. For an all-metal cavity these
figures are 32% and 17% respectively. These figures are
based on emission in the red part of the spectrum and
for refractive indices typical of organic systems contain-
ing dye molecules. The less than 100% efficiency is due
to emission that leaks through the Bragg mirrors, associ-
ated with the limited angle range over which they reflect
mentioned above, and losses in the metal. The losses asso-
ciated with the metal are due to both direct excitation of
electron-hole pairs etc. and via the generation of surface
plasmons. Improving the microcavity as it is used here will
require the dimensionality to be reduced. This is a topic
we will discuss in Sections 2.2 and 2.3. However here we
wish first to focus on another problem common to many
single photon sources, that of broadband emission.

Our discussion so far has tacitly assumed that the
emitter produces photons in a narrow spectral band. This
is often not the case and has important implications for the
collection efficiency. The schematic microcavity dispersion
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Fig. 3. Only part of the emission spectrum of a broadband
emitter embedded in a microcavity may couple to modes that
can be collected with finite NA optics.
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Fig. 4. The calculated collection efficiency for a spectrally
broad (∆ω/ω = 20%) and a spectrally narrow emitter (i.e. a
delta function) from within two cavity type structures; a hybrid
cavity (upper) and a metallic cavity lower. Material parameters
appropriate to the organic emissive system based on Alq3 were
chosen. For this material the peak emission is at 550 nm, the
width is ∼120 nm. The hybrid cavity DBR comprised two λ/4
layers of each of the high index (n = 2.26) and low index
(n = 1.46) materials. Thicknesses of the layers were chosen to
optimize the desired output. The frequency dependent complex
dielectric constant for the silver was taken from experimental
data [52].

diagram is re-shown in Figure 3, together with a broad-
band emission spectrum. Whilst the emission may pre-
dominantly couple to the lowest order microcavity mode,
it will be produced over a wide range of emission angles.
As Figure 4 shows, the effect of the broadband emission on
the collection efficiency is particularly marked when a col-
lection solid angle of less than NA = 1 is used; a substan-
tial fraction of the emitted photons then fall outside the
collection cone because they are too far off the resonance
frequency. Whilst the spectral filtering of broadband emis-
sion in this way is advantageous because it facilitates extra
filtering in the detection optics of an optical channel, the
reduced efficiency is not so welcome. The planar microcav-
ity with its somewhat limited cavity QED effect is thus not
ideal for broadband emission systems. Such systems are
perhaps better served by a geometrical approach, notably
the solid immersion lens to be discussed in Section 3.1.

It might be thought that the cavity QED approach has
little future if solid immersion lenses can be successfully

implemented. However, this is only the case if we restrict
ourselves to planar 2-dimensional systems; greater cavity
QED effects can be accomplished if we are able to re-
duce device dimensionality [25]. Below we discuss three
alternatives that do just that, microcavities containing
wavelength-scale periodic microstructure, individual pil-
lars etched out of planar microcavities, and a more spec-
ulative approach using surface plasmons.

2.2 Textured microcavities

There are two main ways in which texturing an other-
wise planar microcavity on the scale of the wavelength
of light may help. In the first the microstructure simply
acts to couple wasted guided modes to radiation [26–28].
This approach, in which a guided mode scatters off the
microstructure to emerge as useful radiation has recently
been used to improve the efficiency of light emitting
diodes [29]. Many variants of this approach have been
tried in the context of LEDs however, one has to take
care in considering these variants for single photon source
applications since many rely on transferring the effective
emission point laterally by a macroscopic amount, out of
the collection spot of a microscope objective (or similar
component) used to direct the photons into the collection
optics. Typically this will lead into emission into multi-
ple modes. For this reason truncated pyramid structures
are probably not appropriate [30]. For this textured mi-
crocavity approach to work efficiently it is preferable for
the microcavity to support only one mode. Microcavities
based on DBR mirrors can never meet this objective owing
to the leaky modes propagating predominantly in direc-
tions parallel to the mirror surfaces that they support. On
the other hand the lowest order mode supported by micro-
cavities based on metallic mirrors is the surface plasmon
mode; in this context one must therefore attempt to use
the surface plasmon mode as the channel by which to col-
lect single photons; this is discussed further in Section 2.5.
We should perhaps note that design tools to evaluate the
limits that may be reached by this approach are not yet
readily available.

There is a second aspect to the use of microstructure
that may have an important bearing on collection effi-
ciency. If the modulation of the cavity is sufficiently strong
then photonic band gaps may result. These are frequency
regions in which no modes may propagate in the micro-
cavity. Whilst it may be possible to block un-wanted mi-
crocavity modes in this way [31] as was discussed at the
beginning of Section 2, a more interesting approach would
be to use the photonic band edge associated with a pho-
tonic band gap [32,33]. This is a region with a high density
of photonic states and has the potential to dynamically
channel energy into one well-defined mode. More will be
mentioned on this subject in Section 2.5 where we look at a
rather intriguing microcavity mode, the surface plasmon.
Before looking at surface plasmons we turn our attention
to one of the most successful implementations of cavity
QED in the solid state, that of pillars.
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2.3 Micropillars

Considerably more control over emission can be accom-
plished than in the planar microcavities discussed in Sec-
tion 2.1 if some kind of confinement in the plane of the
microcavity can be added. In this way significant selective
enhancement of spontaneous emission into a given mode
can be achieved. As predicted by Purcell in 1946 [34], a ra-
diating dipole placed on resonance with a cavity mode can
experience a strong enhancement of its spontaneous emis-
sion rate. In the solid-state, the Purcell effect has been
observed for InAs quantum dots in micropillars [35–37],
micro-discs [38] and VCSEL-like oxide-apertured micro-
cavities [39]. For an ensemble of quantum dots sponta-
neous emission rate enhancement factors as large as 5 for
micropillars and 18 for microdisks have been observed.
Even stronger effects are observed on single quantum dots
when they are well matched spectrally with the cavity
mode, and located close to its spatial antinode [37,38].

It is clear that micropillars and microdiscs, in common
with microspheres or 1D/2D photonic bandgap microcav-
ities are not perfect “photonic boxes”. These cavities sup-
port a continuum of non-resonant modes, besides their
set of discrete resonant cavity modes. Since the Purcell
effect enhances selectively the emission into the resonant
cavity mode, it allows one to couple most of the sponta-
neous emission into that mode. More precisely, the fraction
of spontaneous emission (β) coupled into a single desired
mode can be written as:

β =
F/τ0 − γ/τ0

F/τ0
=

F − γ

F
(2)

where 1/τ0 is the reference spontaneous emission rate in
free space, F is the enhancement factor of the total spon-
taneous emission rate with respect to its free space value,
and γ/τ0 the spontaneous emission rate into unwanted
modes. Experimentally, γ/τ0 can be extracted from the
study of an emitter which is out-of-resonance (either at
lower or higher energies than the cavity mode), and which
is therefore only coupled to unwanted modes of the micro-
cavity. For micropillars [35] or microdiscs [38], the sponta-
neous emission rate into leaky modes is comparable to the
free space value, i.e. γ ∼ 1. For a single QD in a micropil-
lar such that F > 10, we obtain β > 0.9 thanks to the
Purcell effect, a dominant fraction of the SE is dynami-
cally funneled into the cavity mode.

Unfortunately this “nearly” single-mode coupling is
not enough to ensure that a large fraction of the sponta-
neous emission will be collected and therefore useful. The
remaining problem is still one of collection. This is espe-
cially clear in a related structure, that of the microdiscs,
photons in the whispering gallery mode of a disc can es-
cape the cavity in all directions around the plane of the
microdiscs, so that only a small fraction of the sponta-
neous emission would be collected by e.g. a conventional
micro-photoluminescence set-up based on a microscope
objective.

Micropillars appear to be better suited for photon col-
lection since their far-field emission is well collimated; for
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Fig. 5. Q and FP for a series of micropillars (Q0 = 5000);
dots: experiment; lines: theory.

a 1 µm micropillar and at a wavelength of 1 µm, the beam
divergence is of the order of 12◦, i.e. smaller than the ac-
ceptance angle of a conventional optical fiber [40]. How-
ever efficient photon collection should not be taken for
granted and requires careful optimization of the micropil-
lar structure as explained below.

Let us first consider a micropillar built with balanced
DBRs. Since the photon has equal probability to escape
the cavity from the top or from the bottom, the useful
fraction of the spontaneous emission, referred to as βu in
the following, would be equal to β/2. Though we can easily
ensure that photons mostly escape the cavity through the
top mirror, this simple example shows that βu and β need
not be identical.

In practice, scattering induced by sidewall roughness
is the main subject of concern in this context. As shown
in Figure 5, this effect is highlighted by studies of the cav-
ity quality factor Q (measured for the fundamental mode
of circular micropillars) as a function of the pillar size.
For large pillar diameters, Q is constant and equal to the
planar cavity quality factor Q0. Below a certain critical
diameter, a degradation of Q is observed. This shows that
the photon lifetime in the cavity is reduced due to the
onset of a new escape path related to scattering by side-
wall roughness. The experimental behavior for Q is well
described by a simple model that assumes the scattering
probability is proportional to the mode intensity at the
surface of the pillar, supporting the interpretation given
above. These experimental data allow one to estimate the
fraction of the photons, initially emitted into the cavity
mode, which exit the cavity through the top mirror. Since
cavity losses are small, one may write,

1
Q

=
1

Q0
+

1
Qscat

(3)

which says that the total losses are due to top mirror
losses and to losses related to sidewall scattering. Experi-
mentally the first two terms can be measured so that we
can easily estimate the useful fraction of the spontaneous
emission as,

βu = β
Q

Q0
· (4)
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Fig. 6. Estimates of β and βu for the same series of micropillars
as Figure 5 (Q0 = 5000).

When cavity losses due to sidewall scattering are domi-
nant, βu can be much smaller than β. This has a strong
impact on the design of pillar microcavities as illustrated
now for state-of-the-art micropillars.

2.4 Design rules of pillar microcavities in view
of photon collection

Until now most of the effort on quantum dots in cavities
has been concentrated on maximizing of the magnitude
of the Purcell effect (thus maximizing β. This lead to a
search for micropillars exhibiting high Purcell figures of
merit, FP, given by,

FP = 3Q(λ/n)3/4π2V (5)

where V is the effective volume of the resonant mode, n
the refractive index at the antinode of the field and λ the
wavelength in vacuum.

This procedure is not optimal as far as βu is concerned
for two reasons. Firstly, it tends to favor low V cavities,
for which losses due to sidewall scattering are larger. Sec-
ondly, high finesse planar cavities are also preferred, since
a large Q0 helps reduce total losses; this again increases
the relative role of scattering losses compared to intrinsic
(mirror) losses.

We plot as an example in Figure 6 estimates of βu

and β for a state-of-the-art series of micropillars, ob-
tained from the etching of a high finesse planar micro-
cavity (Q0 = 5 000). In particular, 1 µm diameter mi-
cropillars from this series exhibit record Purcell figures of
merit, in excess of 30 (Fig. 5). We assume the emitter is
a single, quasi-monochromatic QD, located at the antin-
ode of the mode, and spectrally perfectly on resonance.
The QD dipole is randomly oriented, so that its emission
rate into each of the two polarization-degenerate modes
of the pillar microcavity is FP/(2τ0). β and βu, calculated
for the (degenerate) fundamental mode can be written as:

β =
FP

FP + γ
; βu =

Q

Q0

FP

FP + γ
· (6)

For a micropillar with anisotropic cross-section and non-
degenerate fundamental mode, FP should be replaced
by FP/2 in these expressions.
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Fig. 7. Pillar diameter dependence of βu for different values
of Q0, for a state-of-the art sidewall roughness (the Q vs. diam-
eter values are the best we are aware of, indicating the rough-
ness is the smallest yet achieved by the reactive ion etching
process used for these materials).

In Figure 6 dots correspond to estimates based on the
experimental measure of Q and Q0 and on a calculation
of V . Solid lines are guides for the eye, calculated using
for Q the fitting curve shown in Figure 5. Some important
conclusions can be made at this point. Firstly, β does not
go to unity for small pillar diameters since FP displays
a maximum around 1 µm. However, in spite of sidewall
scattering, large values of β are obtained as soon as the
Purcell factor is much larger than one, and β is not too
far from its intrinsic limit. Secondly, sidewall scattering
plays a much more important role for βu. Since intrinsic
cavity losses are very weak (large Q0), additional losses
due to sidewall scattering become dominant for diameters
below 3 µm, so that further reducing the pillar diameter
is very detrimental. (Our discussion here refers to the spe-
cific material system we have chosen, GaAs/AlAs − other
materials are likely to differ in the specific dimensions at
which pillar sizes are optimal.) Third, an optimum useful
fraction of the spontaneous emission of the order of 0.8
can be obtained around d = 3 µm for such state-of-the-
art, high Q micropillars.

In practice, the choice of the pillar diameter d may
be defined by other constraints; size reduction is for in-
stance frequently used to reduce the number of emitters
present in the micropillar. In such a case, it will be nec-
essary to choose Q0 in such a way that scattering losses
remain smaller than intrinsic cavity losses for the diam-
eter of interest. In order to illustrate this point, we plot
in Figure 7 an estimate of βu for different planar cavity
finesses Q0. We assume here that the sidewall roughness
is constant from process to process and identical to the
one observed in our previous experiment.

Quite interestingly, this calculation shows that large
values of βu (βu > 0.7) can be obtained for diameters
in the 1–4 µm range, provided an appropriate value is
chosen for Q0. We see also that technological constraints
limit the collection efficiency of micropillars. Even for the
best Q0 reported (11 700 [41]), and for a state-of-the-art
processing, βu will only reach about 0.83. It is also worth
noticing that the maximum value of βu does not depend
much on Q0. This behavior enables one to choose the pillar
diameter (if necessary) without compromising too much
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the collection efficiency βu, provided an appropriate value
is chosen for Q0.

Our discussion of micropillars shows what can be done
with the impressive nano-fabrication facilities currently
available. Given a well-designed structure and the low
beam divergence of the mode, we can approximate the
collection efficiency as η ∼ βu ∼ 70%. However, the op-
portunities presented by micropillars depend on the source
having a narrow emission spectrum. If we wish to take ad-
vantage of the Purcell effect we need a Purcell factor (FP)
of at least 1. From the data shown in Figure 5 this corre-
sponds to a Q of ∼100. Thus at an operating wavelength
of 1 µm (∼1 eV) the source must have a bandwidth of
less than 10 nm (∼10 meV). Not all single emitter sources
will be amenable to this approach, particularly those with
broadband emission spectra, such as defect centers in dia-
mond. With this in mind we now briefly discuss an alter-
native based on surface plasmons.

2.5 Surface plasmons

One of the factors that should help achieve high collec-
tion efficiency is to use structures that support only one
photonic mode. As we discussed in Section 2.1, the only
way to accomplish this for a microcavity type structure is
either to use a defect mode in a 3D photonic crystal, or to
use a metal mirror based microcavity that is thin enough
so that it only supports the lowest order guided mode,
the surface plasmon mode [42–44]. The idea is to couple
the emitter to the surface plasmon mode and then couple
the surface plasmon mode to radiation.

Surface plasmons are electromagnetic waves that are
guided by the interface between a metal and a dielec-
tric and are coupled to the free electrons of the metal.
They have electromagnetic fields that peak at the inter-
face and decay exponentially with distance away from the
interface. The coupling of the electromagnetic field to the
free electrons leads to surface plasmons having increased
momentum when compared to an electromagnetic wave
in the dielectric; for this reason such modes are in gen-
eral non-radiative. In the context of single photon sources
surface plasmons might thus seem a rather perverse ap-
proach, given that they are non-radiative and damped,
owing to absorption in the metal on which they propa-
gate. However, the dispersion for surface plasmon modes
is in general the highest of any guided mode, thus en-
suring that a greater spectral bandwidth can be collected
into a given numerical aperture than for any other mode.
Further, it has been shown that surface plasmons can be
efficiently coupled to radiation by Bragg scattering, with
efficiencies ∼70%, accomplished in just the same way that
trapped waveguide modes can be recovered using in plane
microstructure [45–47]. The limits to this approach are
not yet known though previous research [45] indicates that
80% may be possible through appropriate choices of sur-
face profile. Given this recovery efficiency it is interest-
ing to calculate the power coupled to the surface plasmon
mode. This type of calculation can be done by making
use of suitable theoretical models based on treating the
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41% 30%

72% 68%

34% 10%

67%71%

Metal/DBR cavity

SPP system

Structure η(NA=1) η(NA=0.5)

Spectrum

Fig. 8. Comparison between a planar hybrid microcavity and
a textured surface plasmon based system for broad (∆ω/ω =
20%) and narrow (delta function) band emitters. The hybrid
cavity figures are the calculated coupling efficiencies given in
Figure 4. The surface plasmon (strictly speaking the surface
plasmon polariton − SPP) figures assume a coupling efficiency
between the surface mode and radiation of 100%. In practice
this is more likely to be 60–80% for a 2D grating, reducing the
figures quoted accordingly [47].

source as a dipole antenna [48]. The results are shown in
Figure 8, where for comparison we have also included the
results of power emitted by the hybrid DBR/metal planar
microcavity. The surface plasmon approach would appear
to be advantageous in the case of a broadband emitter
and low numerical aperture collection optics; in this case
the surface plasmon approach offers an efficiency of ap-
prox. 48% (67% coupled by the emitter to the SP mode,
∼70% of the mode then coupled to radiation) compared
with 10% from the hybrid microcavity, though we note
that this has yet to be confirmed by experiment. The re-
fractive index of the emissive layer is important in these
calculations, we have assumed an index of ∼1.7 typical of
organic materials − use of higher index materials will lead
to lower efficiencies.

Whilst discussing emission mediated by surface plas-
mons we should note that the mode density associated
with surface plasmons may be quite high, especially on
microstructured surfaces. Here the microstructure results
in a band gap and associated band edge for the surface
plasmon mode; at the band edge the mode density is high
though it extends over a considerable range of wavevec-
tors. Consequently this approach may yield little net im-
provement in collection efficiency. However it is still of
interest because the band edge may allow one to channel
energy dynamically into surface plasmons, thus effectively
reducing the bandwidth of the emitter. Again, although
this has still to be demonstrated it does offer the prospect
of reduced bandwidth and an enhancement of the emission
rate; the mode density at a photonic band edge is equiv-
alent to a substantial Purcell factor, perhaps of order 10.

The approaches we have discussed so far have all been
based on manipulating the modes into which emission may
take place. In the next section we concentrate on an alter-
native, that of distorting the modes into which the photon
is emitted into the mode of the optical collection system,
by refraction.
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3 Improving the collection efficiency –
geometrical approaches

The numerical aperture of the collection optics is limited
to NA = 1 unless special measures are taken. There are
broadly speaking two alternatives, liquid immersion lenses
and solid immersion lenses. In both cases the idea is to
reduce the index contrast between the emissive material
and the immediate surroundings, thereby relaxing the re-
strictions imposed due to total internal reflection. Subse-
quently, by use of a highly curved dielectric interface (the
lens), the emission is refracted into a suitable mode. Of
the two approaches the solid immersion lens is the one
of more promise in the present application. The reason
is that suitable liquids, such as standard immersion oil,
have smaller refractive indices (in the approximate range
1.3–1.75) than solid counterparts (in the range 1.5–3.5).
The smaller refractive index translates, via Snell’s law, to
a smaller collection solid angle inside the emissive mate-
rial. An advantage with liquid immersion lenses is that
relatively cheap standard lenses with excellent imaging
properties exist.

3.1 Solid immersion lens

A solid immersion lens (SIL) consists simply of a trun-
cated small sphere of high refractive index forming a
plano-convex lens of very short focal length. SILs can be
bought commercially, but we made the SILs used in our
experiments ourselves by polishing a small glass sphere
against a flat, and regularly inspecting the result to ob-
tain the proper shape and polished face quality. SILs were
first discussed in the context of microscopy by Mansfield
and Kino [49], and their potential of coupling light effi-
ciently from a point-like source has previously been iden-
tified [50]. SILs discussed in the literature come in one of
two designs, the hemisphere and the Weierstrass geometry.
The hemisphere is particularly interesting in microscopy
applications, since a lens of this design lacks chromatic
aberration. This is useful for white light microscopy. In
fact, in many high power magnification microscope objec-
tives the front lens element is a hemispherical SIL. In the
Weierstrass geometry, the height of the SIL is (1+1/n2)r,
where n2 is the refractive index of the SIL and r its radius
of curvature, Figure 9. This design leads to a decrease of
the angle of refraction γ of the transmitted light, measured
from the optical axis. The Weierstrass SIL effectively com-
presses the emitted light into a small numerical aperture.
The price to be paid is poor image forming properties, such
as severe chromatic aberration. However, in the context of
single emitter collection efficiency the image forming qual-
ity of the SIL is of little importance.

We now make a quantitative comparison between the
photon collection efficiencies from an emitter located close
to the plane surface (that is, much closer than the emis-
sion wavelength) of a high refractive index bulk material
(such as an overgrown quantum dot) when a SIL is used
as a primary collection lens and when the SIL is absent.
Let us first consider the case when the SIL is absent (or,
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Fig. 9. The geometry of a Weierstrass solid immersion lens.

equivalently, n2 = n3 in Fig. 9). Snell’s law then dictates
that

n1 sin(θ1) = n2 sin(θ2) (7)

where n1 and n2 are the refractive indices of the bulk
material and the collection optics, respectively, θ1 and θ2

are the respective propagation angles. In absence of a SIL
the numerical aperture (NA) of the collection system is,
by definition, NA = n2 sin θ0. If the emitter is modeled as
a small dipole oriented parallel to the bulk surface in the
x-direction, then the emitted intensity I as a function of
the emission angles θ1 and the azimuthal angle φ measured
from the x-axis, is

I(θ1, ϕ) ∝ 3
8π

[
1 − sin2(θ1) cos2(ϕ)

]
(8)

where the intensity has been normalized so that when inte-
grated over all solid angles it equals unity. Supposing that
the photon collection optics has the numerical aperture of
NA, the collection efficiency η is given by

η =
3
8π

∫ arcsin(NA/n1)

0

[1 − sin2(θ1) cos2(ϕ)] sin(θ1)dθ1dϕ

=
1
32

[
15

{
1 −

√
1 − (NA/n1)2

}
+ {1 − cos[3arc sin(NA/n1)]}

]
. (9)

In (9) it is assumed that no photons are reflected at the
interface surface, a somewhat unrealistic situation that
requires a very elaborate anti-reflection coating on the
surface. However, this result serves as an upper bound
for the collection efficiency from a planar bulk dielectric.
In Figure 10 we have plotted equation (9) under three
different assumed conditions. To make a qualitative esti-
mate of the effect of interface reflection that will prevent
the reflected photons from reaching the collection optics
we have simply assumed that the reflectivity for all pho-
tons, regardless of emission angle and polarization direc-
tion, is given by [(n1 − n2)/(n1 + n2)]2. This assumption
is somewhat optimistic and will lead to an overestimate
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Fig. 10. The calculated collection efficiency through a pla-
nar bulk dielectric with refractive index n1 = 3.5. The solid
line assumes perfect transmission. The dashed line represents
the case where n2 = n3 = 1 and the interface reflection has
been taken into account. (In this case the maximum theoretical
collection system NA is unity, indicated by the dotted vertical
line.) The dash-dotted curve represents the case when an index
matching fluid with n2 = n3 = 1.5 is used. The corresponding
interface reflection is somewhat lower. The boxed inset shows
the considered geometry.

of the collection efficiency, as the reflectivity for photons
incident on the interface close to the angle of total inter-
nal reflection will be close to unity. From the figure it is
seen that under relatively realistic assumptions, an ordi-
nary microscope objective with NA = 0.8 will collect only
slightly over 1% of the total emission. Using a highly re-
fracting NA = 1.2 immersion lens with index matching oil
(n2 = 1.5), one can only increase the collection efficiency
to about 3.5%. Using the best immersion lenses available
today, with NA = 1.6, it follows from equation (9) that
the collection efficiency will still not be higher than 7.8%.

The situation is improved if a hemispherical SIL is cen-
tered directly over the emitter. We will assume that the
emitter is sufficiently shallowly embedded in the bulk di-
electric to be considered as located at the hemisphere cen-
ter. (In our samples, that are discussed later, the emitter
is located only a fraction of a wavelength from the bulk
dielectric surface.) In this case, the angle of propagation
inside the hemisphere is given by equation (7). However,
since every ray exits the hemisphere in a direction nor-
mal to its surface, no refraction takes place there, leading
to θ3 = θ2. Due to the geometry no total internal reflection
can take place for any photon propagating in the SIL. The
maximum propagation angle inside the bulk material that
will produce a ray lying within the NA of the collection
system is,

θ1,Max = arcsin
(

n2NA

n1n3

)
· (10)

Replacing the expression NA/n1 in equation (9) with
(n2NA/n1n3), we obtain the collection efficiency when a
hemispherical SIL is used. In Figure 11 we have plotted
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Fig. 11. The calculated collection efficiency from a planar
bulk dielectric with refractive index n1 = 3.5 covered by a SIL
hemisphere with n2 = 1.88 (the refractive index of LaSFN9
glass). The solid line assumes n3 = 1 and perfect transmission.
The long-dashed line represents the case where the interface
reflections have been taken into account. The short dashed line
represent n3 = 1.5 and perfect transmission. Finally, the dash-
dotted curve represents the latter case with interface reflections
included.

the results. In the curves including interface reflections,
the transmission has been assumed to be,[

1 −
(

n1 − n2

n1 + n2

)2
] [

1 −
(

n2 − n3

n2 + n3

)2
]

(11)

irrespective of the propagation angle or the polarization
direction. Using an ordinary microscope objective with
NA = 0.8, and taking interface reflections into account,
we see that about 6% of the emission can be collected
with the use of a hemispherical SIL. Using a NA = 1.2 oil
immersion objective will not improve the situation. If we
use a hemisphere of the same refractive index as the bulk
dielectric, the collection efficiency is further improved. In
Figure 12 the predictions for an index n2 = 3.5 hemisphere
are shown. It is seen that trivially, a collection system with
NA = 1 will in principle collect half the emitted photons
(all photons emitted in the 2π steradians toward the sur-
face). Taking the reflections into account, and assuming a
more realistic collection optics NA = 0.8 (in air), one can
hope to collect as much as 17% of the emitted photons.
This is a very substantial improvement from the bare pla-
nar surface case. In this case it does not help to use an
oil immersion collection lens unless its numerical aperture
exceeds 1.1. Even with a NA = 1.2 such an objective will
“only” collect between 20 to 25% of the emission.

The collection efficiency as a function of the collection
optics numerical aperture can be further improved by go-
ing from the hemispherical geometry to the Weierstrass
geometry. In this case, the SIL is made slightly higher
than a hemisphere, its height along the optical axis is
(1 + 1/n2)r. In this case the price to be paid is that the
lens has substantial aberration and a sever image distor-
tion. However, in situations where the emission is narrow
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Fig. 12. The calculated collection efficiency from a planar
bulk dielectric with refractive index n1 = 3.5 covered by a SIL
hemisphere with n2 = 3.5. The solid line assumes n3 = 1 and
perfect transmission. The long-dashed line represents the case
where the interface reflections have been taken into account.
The short-dashed line represent n3 = 1.5 and perfect transmis-
sion. Finally, the dash-dotted curve represents the latter case
with interface reflections included.

band, so that the chromatic aberration can be ignored,
and the emitter is very small, so that image distortion is
irrelevant, the Weierstrass geometry offers the highest ef-
ficiency (for systems where n1 < n2). It is readily shown
that, for this geometry, the collection angle γ is related to
the emission angle θ1 through,

γ = arcsin
[
n1

n2
sin θ1

]
+ arcsin

[
n1

n2
2

sin θ1

]

− arcsin
[

n1

n2n3
sin θ1

]
. (12)

For a Weierstrass sphere surrounded by air, this expression
simplifies to,

γ = arcsin
[
n1

n2
2

sin θ1

]
. (13)

If we recall that only photons with θ1 < sin−1(n2/n1)
will be transmitted through the bulk dielectric-to-SIL in-
terface, we see that all the transmitted photons will be
refracted by the SIL within a numerical aperture NA <
1/n2 in the surrounding air. Replacing the expression
NA/n1 in equation (9) with equation (13), and integrat-
ing only to NA = 1/n2, we can once more estimate the
collection efficiency. In Figure 13 the result is shown. We
see that for an optimally AR coated Weierstrass sphere
with n2 = 1.88 the upper bound for collection efficiency
is 11% (the same as for the SIL hemisphere), but this
value is achieved for a collection system NA of about 0.53,
instead of unity in the hemisphere case. This is conve-
nient, because in order to filter out an individual exciton
line from a semiconductor quantum dot, the dot needs to
be cooled to cryogenic temperature [15,51]. This has the
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Fig. 13. The calculated collection efficiency from a planar
bulk dielectric with refractive index n1 = 3.5 covered by a
Weierstrass SIL with n2 = 1.88 into air (n3 = 1) assuming per-
fect transmission at all interfaces. The short-dashed line is the
Monte-Carlo simulation with all interface reflections included.

undesired side effect that the collection optics typically
will have to be located a few mm away from the sample,
and consequently the collection objective NA will more
typically be around 0.5 than unity. In practice, placing
a Weierstrass sphere on top of the quantum dot, inside
the cryostat, will greatly increase the collection efficiency.
A drawback of the Weierstrass geometry is that the laser
excitation cannot easily be delivered at an angle outside
the collection optics numerical aperture. Instead, it must
be incident parallel to the optical axis, that effectively
means through the objective. This requires careful filter-
ing of the collected light. A hemispherical SIL is simpler
to use from the excitation point of view, since collimated
light propagating along any radial of the hemisphere will
be focused at the hemisphere center. Hence, the sample
can be excited by light propagating outside of the collec-
tion objective numerical aperture.

To make a realistic estimate of the collection efficiency
from a Weierstrass sphere, including the interface reflec-
tivity, we have used a Monte-Carlo method. The emission
angle θ1 is stochastically generated in the interval [0, π/2]
with the normalized probability distribution P (θ1 = θ) =
sin θ. This distribution takes care of the available solid
angle as a function of θ1. The simulated photons are sub-
sequently ray-traced through the hemisphere, using the
Fresnel reflection formulae to take into account the inter-
face reflections. Note that the geometry of the Weierstrass
sphere is such that no photon directly transmitted from
the bulk dielectric into the sphere undergoes total inter-
nal reflection. However, some photons will be reflected at
the sphere interface, in particular those photons with θ2

close to π/2. However, in the case we consider the reflected
photons will only contribute to the emitted intensity at
angles γ of about π/2 and above. To see why this is the
case, let us consider the fate of a photon emitted so that it
strikes the Weierstrass SIL at the equatorial plane, lying
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Fig. 14. The measured photoluminescence spectra for a InAs
quantum dot embedded in GaAs using a NA = 0.4 microscope
objective. From top to bottom the spectra are measured using
no SIL, a hemispherical SIL, and a Weierstrass SIL, respec-
tively. The SILs were made from LaSFN9 glass (n2 = 1.88).
The spectra are normalized relative to the no SIL case, the
normalization factors are indicated for the hemisphere and
Weierstrass SILs.

a distance r/n2 above the bulk dielectric-to-SIL interface.
We can readily compute that θ2 = arctan(n2) ∼ 1.08 rad
∼69◦, and that β2 = arcsin[sin θ2/n2] ∼ 0.49 rad ∼31◦.
After being reflected at the equator, a photon initially
propagating towards the right, will propagate towards
the left, and using the reflection law and Snell’s law,
one finds that this photon will exit the SIL at an angle
θ3 = β2 − θ2 − π/2 ∼ −1.67 rad ∼−97◦, where θ3 is posi-
tive angle from the z-axis in the clockwise direction. That
is, this photon that has been reflected once, will prop-
agate toward the bulk dielectric surface at grazing inci-
dence when exiting the SIL. However, the intensity from
these photons is very small, their total contribution of the
photons transmitted through the interface and internally
reflected by the SIL is on the order of a few percent. Hence,
all photons reflected inside the SIL have been considered
lost, making our collection efficiency estimation slightly
conservative. In Figure 13 we see that the Monte-Carlo
simulation predicts that about 6% of the total emission
can be collected with a NA = 0.53 objective if n2 = 1.88.

To demonstrate the viability of SILs, we show in Fig-
ure 14 photoluminescence (PL) spectra from a single InAs
quantum dot embedded in GaAs (n1 = 3.5). A NA = 0.4
aperture lens was used, and the emission was spectrally
dispersed by a monochromator. The ensuing spectra were
acquired with a cooled CCD camera. The two SILs em-
ployed had a diameter d = 3 mm, and were made from
LaSFN9 glass with n2 = 1.88. The quantum dot sample
was held at 9 K inside a cryostat designed for microscopy.

The SIL was placed directly on top of, and in direct con-
tact with, the sample, inside the cryostat. The alignment
of the SIL was made “by hand”, because it is not very
critical (it suffices to place the SIL optical axis within a
fraction of a mm of the quantum dot) since, to some ex-
tent, a misalignment between the quantum dot and the
SIL optical axis can be compensated by translating the
collection microscope objective relative to the sample with
the attached SIL. We see that the ratios between the count
rates for using no SIL and using a SIL are about 1:3.5 and
1:5.9 for the hemisphere, and the Weierstrass geometry, re-
spectively. The theory above predicts the ratios 1:3.4 and
1:12, respectively. The ratios are more or less independent
of the collection system numerical aperture as long as it
is smaller than about 0.5. The important point to note
is that SILs offer a substantial improvement in collection
efficiency.

Similar results will hold for a Weierstrass SIL with
the same refractive index as the assumed bulk dielectric
(n2 = 3.5). In this case, due to the high refractive power
of the SIL, all photons emitted into the 2π steradians to-
wards the SIL will be refracted to propagate within a NA
of 0.28! Our simulations predict that as much as 31% of
the total emission will be transmitted through such an
uncoated SIL.

Finally, it is, of course, possible to combine a SIL with
some of the methods discussed in other sections. Even the
simplest improvement, namely layering the bulk dielectric
to form a single appropriately designed back Bragg mirror
may more than double the collection efficiency. (Without a
back mirror many photons are reflected at the sample-to-
SIL interface and disappear forever. With a back mirror,
they get a second chance to be transmitted into the SIL.
However a Bragg mirror reflects only over a limited angle,
whereas a metal reflector has little angular dependence.
The latter is preferable.) Designing the quantum dot to
be located at the anti-node of the interference “fringe” be-
tween the emission propagating in the ±z-direction, the
emission in the normal direction would be resonantly en-
hanced by a factor of four, while the emission in directions
close to the dielectric interface would be suppressed. Such
a design is currently being pursued.

4 Discussion, merits of different approaches
and prospects

We have looked at a variety of approaches for collecting
light produced by solid-state single photon sources. We
began by identifying why this issue merits consideration:
current collection efficiencies are low enough to degrade
the potential performance of quantum key distribution
based on single photons; improved collection efficiencies
are therefore required. The schemes we have discussed to
remedy this situation were broadly categorized into two
types. Firstly there were schemes based on cavity quantum
electrodynamics in which we try to alter the emission so
as to enhance one particular mode into which the source
may emit and inhibit other unwanted modes. Secondly,
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we considered schemes where we simply try to collect as
much of the emerging radiation as possible without trying
to alter the way in which the source emits.

The simplest cavity QED approach is to use a planar
microcavity, discussed in Section 2.1. Such a technique of-
fers a potential efficiency of approximately η = 40% for
a narrow band emitter and lower than this if the emis-
sion covers an appreciable bandwidth. Texturing the mi-
crocavities (Sect. 2.2) offers the possibility of increasing
the extraction efficiency, though by how much has still to
be determined. To succeed in using texturing will prob-
ably require the use of a cavity that supports only one
mode and we discussed the use of the surface plasmon
mode for this in Section 2.5. For broader emission the sur-
face plasmon mediated emission discussed in Section 2.5
looks appealing, offering a potential η ∼ 50%. However,
though attractive from these calculations this approach
is the most speculative and is the least tested. Micropil-
lars were examined in Section 2.3. They appear to offer
the best collection efficiency; η ≥ 70% looks to be possi-
ble. They also prepare photons in a single mode which as
we noted in Section 2 may be important in implementing
QKD schemes such as polarization encoding. Set against
this is the complexity of the fabrication process needed to
make micropillars hosting a single emitter, resonant with
the cavity mode.

Finally we looked at a geometric scheme based on the
solid immersion lens in Section 3.1. We have indicated
that the best available efficiency here is η ∼ 30%, and
is relatively simple to implement. Using a back mirror,
efficiencies exceeding 50% should be possible.

From the foregoing it would appear that micropillars
are the most efficient way to collect single photons. How-
ever, we need to remember that collection efficiency is not
the only issue in building a successful solid-state single
photon source. Of particular importance is the material
system that is chosen. For broadband emitters based on
low index (typical of organic materials) the planar tex-
tured microcavities and the surface plasmon approach are
perhaps the best. For higher index materials, notably inor-
ganic semiconductors, micropillars and SILs may be best.
The choice of emissive material in turn depends on other
criteria such as stability, repetition rate, operating wave-
length, emission bandwidth, operating temperature, cost
etc. These will all have an influence on the choice to be
made. The different approaches we have explored have
their own relative merits and problems. Our intention has
been to highlight the issues, to identify the potential of
the different approaches and thus provide a resource or
future research and development.
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