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We present a photonic structure in which Mie, Tamm, and surface-plasmon optical modes can be tai-
lored to enhance the brightness of an embedded single-photon emitter. Contrary to most proposals, the
structure is designed for excitation and collection through the substrate side. The front surface can be used
instead to arrange metal contacts which serve the purpose of both electrical gates and optical mirrors. The
design is particularized for InGaAs quantum dots on GaAs, resulting in an out-coupled single-photon rate
exceeding 3 GHz in a cone of narrow numerical aperture (NA = 0.17). The fabrication tolerances are also
discussed.
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I. INTRODUCTION

A single-photon source (SPS) with an emission rate
beyond 1 GHz is a key element in the field of quantum
communications and linear quantum computation [1,2].
An ideal SPS requires a near-unity brightness, purity, and
indistinguishability [3]. This is particularly relevant for
scalable quantum information processing [4]. A major
obstacle in obtaining efficient sources is not related to
the quantum efficiency of the emission process but to the
difficulty in extraction of the emitted photons from a pla-
nar surface. The high refractive index of semiconductors
defines a narrow solid angle, free of total internal reflec-
tion. Taking as an example the GaAs-air interface, roughly
98% of the emitted photons are trapped within the sample.
By placing a planar mirror in close proximity to the emit-
ter, this limit can be raised, increasing the extraction from
1/4n2 to 1/n2, i.e., by a factor of 4 [5]. To further circum-
vent this limitation, three-dimensional photonic structures
are necessary, which either act on the near field of the
emission, as do textured surfaces or micropillars, or in its
far field, as do solid immersion lenses [6]. The extraction
problem can be defined as a molding of the wave front
to funnel the light into a solid angle that is as narrow as
possible. If a large extraction is combined with a large
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Purcell factor (FP) [7], the performance of the source can
be increased even further under continuous-wave excita-
tion or under pulsed excitation when the excitation repeti-
tion rate matches the inverse of the decay rate. This applies
particularly in quantum key distribution (QKD), where the
secret key rate is proportional to the product of the emis-
sion rate and collection efficiency, i.e., the total collected
photon number Nph [8]. Micropillars and microlenses are
very successful technologies to increase the brightness of
single-photon sources [9,10]. The combination of a high-
finesse planar distributed Bragg reflector together with
a high aspect ratio of tapered micropillars allows for a
very smooth extraction of the light from the semiconduc-
tor. Microlenses also offer excellent collection efficiencies
[11,12] but limited FP, mainly due to the large volume
compared with the emission wavelength in the semicon-
ductor. A better trade-off between the collection efficiency
and FP is found in the circular Bragg gating (CBG), also
known as a bull’s eye. The best performance reported so
far is for upper extraction with a CBG written in a slab
surrounded by air resting on a SiO2/Ag support [13–15].

In this work, we analyze single-photon emitters embed-
ded in a cylinder defined vertically by a bottom distributed
Bragg reflector (DBR) and a top metallic mirror [16] and
laterally by dielectric confinement with a low-refractive-
index layer. The aim is to optimize FP and the collection
efficiency of single photons at the substrate-air interface.
In this way, the top metallic mirror can be used as an
electrical contact to switch the single-photon emitter on
and off or tune its properties. Combined with an embed-
ded excitation source underneath, this design could be
used to build a monolithic electrically driven and tunable
SPS [17].
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Planar asymmetric cavities harness optical Tamm states
(OTSs) and can exhibit very high Q values [18–21].
However, their planar geometry does not provide lateral
confinement, a limitation that has been partially alleviated
in the past by reducing the radial extension of the metal-
lic layer [22–24]. Increased performance can be obtained
by substituting the homogeneous-cavity medium with a
low-refractive-index dielectric layer embedding a high-
refractive-index cylinder, as explained below. As a result,
Mie-type resonances appear that enhance the electric field
[25]. Furthermore, the overlap of such Mie resonances in
the cylinder with the OTSs of the embedded dielectric
layer increases FP and steers the emitted light into highly
directional cones of light. Surface-plasmon resonances
near the metallic layer also play a role and are taken into
account to avoid nonradiative losses. The sketch presented
in Fig. 1 graphically depicts the four main parts of the opti-
cal Mie-Tamm cavity (OMTC) just described. From top to
bottom, we find the metallic layer, the dielectric layer, the
cylinder in which the quantum emitter is embedded [26],
and the λ/4 DBR. With these elements, the emission is
steered toward the substrate, where an antireflective coat-
ing (ARC) prevents back reflections. At this point, an opti-
cal fiber could be applied directly or by using secondary
optics. Its design is omitted from the current study.

This design can be adapted to different quantum emit-
ters, such as nitrogen-vacancy centers in diamond [27],
molecules [28], or two-dimensional materials [29,30] and
wavelength combinations. Without loss of generality, we
analyze the optimization of OMTC structures on GaAs-
embedded single self-assembled InGaAs quantum dots
(QDs), a SiO2 dielectric layer, and an AlAs/GaAs DBR.
These QDs show excellent purity [31] and indistinguisha-
bility [32]. Moreover, as these quantum emitters are based

on III-V semiconductors, they can be integrated into
photonic integrated circuits [33–35] and even silicon
substrates [36]. With these material choices, we present,
in what follows, the optimum design parameters to extract
from the sample 3.6-GHz single-photon rates in a cone of
narrow numerical aperture (NA = 0.17).

The paper is organized as follows. In Sec. II, we describe
the methods used to find the optimum parameters for our
design. Section III presents the optimization results, the
main properties of the OMTC structure, and some design
rules derived from the trade-off between fabrication com-
plexity and device performance. In Sec. IV, we discuss
in more detail the nature of the modes harnessed by the
structure.

II. METHODS

The optical cavity is sketched in Fig. 1(a). The param-
eters are defined as follows. The top Au mirror thickness
is set to 100 nm to reduce losses in the upper space and to
reach the saturation region of the phase change [37]. The
dielectric layer thickness is defined as D = h + d, where
h is the cylinder height and d is an auxiliary parameter.
The gap between the GaAs cylinder and the Au mirror is
assumed to be occupied by an Au cylinder. Hence, GaAs
and Au cylinders take the same radius (r) value. The QD
is modeled as a dipole emitter perpendicularly oriented to
the cylinder axis. It is located in its axis at a distance zQD.
OTSs tend to maximize the field at the mirror interfaces,
where the maximum enhancement of the emission might
also take place. However, a QD placed close to these inter-
faces might either be difficult to grow by self-assembly
(DBR side) or might suffer from spectral-diffusion broad-
ening and/or luminescence bleach (Au-GaAs side) [38,39].

Au 100 nm
SiO2

AlAs
GaAs

GaAs substrate

N pairs
λ/4 DBR

GaAs OTC

NAS NAC

NACNASPurcell

F P

(a) (b)
(c) (d) (e)

(f)

(g)

X X

Z

Y

x10

N
ph

N
ph

FIG. 1. (a) A sketch of the OMTC. For a planar GaAs OTC microcavity, the total photon number within GaAs for NAS magnified by
a factor 10 (dotted line). For the optimal structure, the total photon number within GaAs for NA = 0.17 (NAS) (red line) and NA = 1
(NAC) (blue line), and FP (black line). The total photon number within GaAs for NAS of a planar GaAs OTC microcavity magnified
by a factor 10 (dotted line). (c)–(e) A fan plot of the evolution of FP and Nph with NDBR (brightest yellow, NDBR = 1; darkest purple,
NDBR = 20; bold line, NDBR = 15). The dot in each line points to the target wavelength (950 nm). (f),(g) The dependence of (f) the
maximum of the peak and (g) the line width of the emission for NAC, NAS , FP, and absorption in Au.
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Two constraints are imposed, zQD > 10 nm, the minimum
distance to the top DBR surface, and zQD < h − 50 nm,
the minimum distance to the metallic cylinder. Both con-
straints are applied to maximize the fabrication feasibility
of the device.

We exploit the axial symmetry of the system to speed
up the solution of Maxwell’s equations, where the dipole
emission asymmetry is handled by an expansion in Fourier
modes [26]. Perfectly matching layers are added to the
boundary of the simulation region. The numerical solu-
tion is performed by the finite-element method, using the
commercially available software-package JCMsuite (ver.
4.5; JCMwave GmbH, Germany). The refractive indexes
of intrinsic GaAs and AlAs at low temperature are com-
puted using the dispersion model in Ref. [40], with that of
SiO2 from Ref. [41], that of Si3N4 from Ref. [42], and that
of Au from Ref. [43].

The many resonances that occur in this kind of system
naturally call for global optimization methods [44–46].
In our case, the optimization is performed in two stages
using the monotonic basin-hopping method, with a 10%
variation of the free parameters: r, h, D, and zQD. In
the first stage, the structure is locally optimized from a
starting point and taken as a seed. In the second step,
the parameters are varied randomly within a prescribed
range. Subsequent iterations finish when no improvement
is found after a limited number of trials (five in our case).
As a local optimizer, we use the BOBYQA algorithm [47]
implemented in the NLopt library [48]. The whole opti-
mization is performed with the PAGMO library [49]. The
objective function is defined to maximize the emission
within a very narrow cone at the target wavelength of
λ0 = 950 nm. Without loss of generality, we set the cone
aperture NA = 0.17 (NAS), as a representative value of a
highly directional emission, i.e., roughly a sixth of the crit-
ical angle NA = 1 (NAC). As a figure of merit (FOM), we
use the total photon number (Nph), defined as the collec-
tion efficiency (CE) within a NAS times FP. The Nph has
a straightforward interpretation. If one assumes a typical
exciton emission radiative lifetime of 1 ns in bulk GaAs
(FP = 1), the optimized total photon number can be related
to an extracted single-photon rate in the gigahertz range.
The CE is computed from the far-field projection of the
electric field within a homogeneous GaAs medium rep-
resenting the substrate (E(θ , φ), θ and φ being the polar
and azimuthal angles in spherical coordinates). The out-
coupling to air, i.e., beyond the substrate interface, is also
considered by introducing a λ/4 Si3N4 ARC [50]. The final
CE and Nph values on air result from the propagation of
E(θ , φ) within homogeneous intrinsic GaAs and its trans-
mission through the GaAs-Si3N4-air interfaces calculated
by the transfer matrix method for s- and p-polarized light.
Absorption losses are considered through the tabulated
complex refractive index of each material but at the design
wavelength do not lead to additional propagation losses.

III. RESULTS

By inspection of Fig. 1(a), we can envisage the two
extreme cases of our design. For zero cylinder diame-
ter, the structure is a SiO2 optical Tamm cavity (OTC)
and for very large diameters it operates as a GaAs OTC.
For cylinder sizes similar to the wavelength, Mie reso-
nances are expected and we can think of an OMTC cavity.
Resonances in an OTC follow the same pattern as in
the Fabry-Perot (FP) cavity [19], i.e., dN = d0 + Nλ/2n,
where d0 is the minimum resonant thickness, n is the
refractive index, and N = 0, 1, . . . is the FP order. As a
seed value in the optimization, we consider the thickness of
the FP N = 1 in a SiO2 OTC at 950 nm, i.e., D = 460 nm.
Analogously, we set the initial height of the cylinder to
the thickness of the same resonance in a GaAs OTC, i.e.,
h = 183 nm. The other parameters are set to arbitrary ini-
tial values, r = 200 nm and zQD = h/2, and we let the
algorithm find the optimal values. The optimal structure
is found for r = 223 nm, h = 361 nm, and D = 459 nm,
the dipole being located at 304 nm from the cylinder base.
The optimal number of DBR pairs (NDBR) is found to be
15, as explained below. Figure 1(b) shows the resonances
found around 950 nm for FP and Nph for light collected
within NAC and NAS within GaAs. At resonance, the max-
imum FP is 12.4 and the maximum Nph is 5.3 (3.6) for NAC
(NAS), respectively. The line shape of the spectrum also
depends on the NA. At narrow collection angles, it exhibits
a Lorentzian line shape of 3.7-nm full width at half max-
imum (FWHM), while at the full extraction angle the line
shape becomes asymmetric, with FWHM=5 nm.

It is worth comparing the value Nph = 3.6 found for
NAS with that of two reference structures. In a substrate
with a mirror, the collection efficiency is approximately
1/n2 [5]. For λ0 = 950 nm, nGaAs = 3.46, and assum-
ing FP ≈ 1, we obtain Nph = 0.083 for NAC and Nph =
0.0024 for NAS. The second structure is a GaAs OTC
of h = 179 nm, i.e., the asymmetric cavity described by
Benisty et al. in Ref. [16]. By placing the dipole at 10 nm
from the DBR (the lower bound considered in our cal-
culations), a FP = 1.4 results in the spectrum shown in
Fig. 1(b) as a dashed line with a maximum Nph = 0.061.
Our design, introducing the Mie-Tamm hybrid structure,
with the QD located at least 50 nm away from the nearest
surface, improves the bare case by a factor of 1500 and the
GaAs-OTC case by a factor of 60—a clear signature of the
advantages brought about by the OMTC scheme.

A key element of the design is the DBR, as it is respon-
sible for the OTS. Figures 1(c)–1(e) show the evolution
with an increasing number of DBR pairs of FP and Nph
resonances found around 950 nm. The FP peak inten-
sity increases monotonically in the studied range, reaching
a maximum value of 20 for 20 DBR pairs [Fig. 1(f)].
Meanwhile, the Nph resonances have two different regimes
where the peak intensity first increases up to 14–15 pairs
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depending on the NA and then decreases with the number
of DBR pairs. This is the expected dependence for collec-
tion through the substrate side, since the transparency of
the DBR mirror decreases with NDBR. In such a case, there
is a trade-off between the emission and collection enhance-
ment throughout the substrate and the light storage in the
cavity, which is also modulated by absorption at the Au
gold mirror and other losses. Indeed, at the Nph maximum,
the total scattered power is 75% (72% in the downward
direction) and the Au absorption is 25% (NA = NAS).
Beyond that point, the absorption increases to 37%, as
shown in Fig. 1(f).

The resonance line-width evolution is shown in
Fig. 1(g). Again, the FP line width shows a monotonic
dependence, continuously narrowing in the studied range,
while the Nph line width first narrows downs and then
saturates beyond approximately 15 DBR pairs. This line-
width dependence determines how challenging the spectral
matching between the QD emission peak and the cav-
ity resonance will be [51]. Depending on the fabrication
uncertainty, it could be beneficial to reduce NDBR from 15
to 9 to increase the line width from 3.7 nm to 8.7 nm. The
penalty is a reduction of Nph from 3.6 to 1.2 GHz for NAS.
This trade-off between performance and fabrication yield
can be anticipated from our analysis.

High directionality is demanded to overcome total inter-
nal reflection at the substrate interface and bring the emit-
ted light out of the sample. Figures 2(a) and 2(b) shows
Nph and the CE on air as a function of the NA for vary-
ing NDBR. The figure follows the same color scheme as in
Figs. 1(c)–1(e). A bolder line is used for NDBR = 15. The
steep rise of Nph and the CE for small values of the NA
is a clear signature of the high directionality of the emis-
sion of our design: most of the light has been emitted for
NA < 0.5. As shown in the inset by a polar contour plot,
the far field is concentrated in a very small NA area and
lacks azimuthal dependence. The peak values obtained in
air are only 1% smaller than the values reported in Fig. 1,
because the transmission is close to one for those angles at
which the far field is strong. Beyond NA = 1, the light can-
not escape out of the substrate and Nph remains constant.
The dashed line represents Nph without the Si3N4 ARC
for NDBR = 15, showing the importance of this additional
layer. Without the ARC, the reduction is 30%.

In Fig. 2(c). the CE values at NAC and NAS as a func-
tion of NDBR are presented. For NAC (NAS), the maximum
CE is 0.72 (0.29), obtained at an NDBR of 7 (13). A new
trade-off is established, depending on which magnitude
is maximized. Collection at a large NA requires a small
NDBR, while for a narrow NA, a large value of NDBR max-
imizes both the CE and Nph. The spectral dependence is
shown in Fig. 2(d) for an NDBR of 7 (13) at NAC (NAS), i.e.,
at the maxima of Fig. 2(c). While the CE at NAS critically
depends on the tuning between resonances, a CE greater
than 0.6 can be obtained at NAC over a much broader band.

(a)

(b) (c) (d)

FIG. 2. (a) The cumulative Nph in air considering an ARC as a
function of the NA for different values of NDBR (brightest yellow,
NDBR = 1; darkest purple, NDBR = 20). The inset shows the far-
field projection up to NAC. The dashed-line circles mark the NAS
and NAC values, also indicated by red and blue arrows, respec-
tively. (b) The equivalent plot for the CE. (c) The evolution of the
CE for NAS and NAC as a function of NDBR. (d) The CE spectral
dependence at NDBR = 7 for NAC and NDBR = 13 for NAS . The
solid (dashed) bold lines in (a) and (b) correspond to the optimal
NDBR = 15 with (without) an ARC.

In summary, the target application and the collection setup
will ultimately determine the optimal NDBR.

To understand how the optical mode structure varies
with the geometrical parameters, we depict in Fig. 3 the
dependence of Nph on d, h, or r, while keeping the other
two parameters and zQD fixed. The studied range is limited
to 500 nm. The SiO2 slab thickness d shows two main res-
onances, at 423 nm and 98 nm [Fig. 3(a)]. The free spectral
range (FSR) is 325 nm, matching λ0/2n in SiO2 very well
[19,52]. The GaAs cylinder height h also exhibits two Nph
resonances in Fig. 3(a), with FSR = 151 nm. This value
differs by 14 nm from λ0/2n in GaAs, as expected, given
the limited in-plane extension of the nanocylinder. Mean-
while, r also shows two resonances, with FSR = 142 nm.
The three-dimensional nature of the nanocavity makes
their study more involved. Indeed, we study the interplay
between h and r in more detail in Sec. IV.

This parameter exploration is done at fixed λ0. To get a
more comprehensive picture, spectral dependence can be
added to the analysis. Figures 3(b) and 3(c) show con-
tour plots of Nph in logarithmic scale for different values
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(a)

(b) (c)

(d) (e)

FIG. 3. (a) The dependence of Nph on the cylinder height h,
the radius r, and the dielectric thickness relative to height d, as
calculated for NAS within GaAs. Nph finds its maximum at r =
223 nm, h = 361 nm, and d = 98 nm. (b),(c) Logarithmic plots
of Nph at NAS as a function of (b) λ and r and (c) λ and h. (d)
The position of the dipole in the cylinder (xQD and zQD) The two
maxima in zQD discussed in the text are indicated by open circles.
(e) The relative deviation with respect to the optimal value.

of r and h and emission wavelengths. The emission is
negligible except at the design wavelength, λ0, where the
enhancement takes place at particular r and h values, giv-
ing rise to the resonances discussed above. Due to an
exponential decay of Nph as soon as the cylinder size and
wavelength depart from the optimal values, changing the
cylinder radius alone does not provide an effective way to
spectrally tune the OMTC and the QD in a broad range.
Broad spectral tuning can still be done after growth, within
the stop band of the DBR (approximately 100 nm), reduc-
ing h through etching as necessary in order to target smaller
r and λ. Alternatively, NDBR can be reduced as explained
above to relax the spectral matching condition.

The last parameters to be discussed are zQD and xQD, the
QD off-axis deviation. As shown in Fig. 3(d) for the opti-
mal geometry, Nph exhibits two maxima at zQD 138 and 306
nm. They are rather broad, with FWHMs along the cylin-
der axis of 76 and 47 nm, respectively. They stem from
the overlap with the field distributions shown in Fig. 4(a)
which, as discussed in Sec. IV, correspond to the cylinder

(a)

(b)

FIG. 4. (a) The XZ cross section of |E| and |H | of the opti-
mal structure. The structure layout is defined by the white lines.
(b) The dependence of FP in logarithmic scale at 950 nm as a
function of r and h for a fixed d. The vertical lines denote the
operating wavelength in GaAs (dotted lines) and in SiO2 (dashed
lines).

Mie resonance of the OMTC structure. These field distri-
butions tend to occupy a large portion of the nanocavity
volume, which is highly beneficial for the spatial matching
of the single-photon emitter and the cavity mode. As can be
seen in Fig. 3(d), N ph peaks at xQD = 0 with an FWHM of
149 nm, well above the typical precision of approximately
40 nm of deterministic nucleation site-control methods
[53–55].

The results just presented can be used to discuss the
fabrication feasibility of the proposed design. Figure 3(e)
shows the Nph evolution upon a change of the three most
critical parameters around its optimum value. h and d
are the most demanding, with 3.3% and 4.4% tolerance
each. This stems from resonance FWHMs of 12 nm and
16 nm, respectively. The less demanding parameter is r,
which exhibits a FWHM (tolerance) of 18 nm (8.2%).
Reported experimental values of statistical variations of
electron-beam lithographic micropillars (30 nm in 2.0-μm
diameter) and nanocylinders in metasurfaces (5 nm in
114-nm diameter) can be as low as 1.5% [56] and 4% [57],
respectively. These values are below the required tolerance
of r in our case. Controlling the SiO2 thickness within
tolerance can be done by optically monitored dry etch-
ing to reach the target value from an overgrown sample.
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The results in Fig. 3(e) indicate that even with deviations
that are twice as large, Nph can reach 0.8 within NAS
(or 800-MHz single-photon count rates extracted from the
sample).

Depending on the aspect ratio of the structure, the sur-
face roughness has a great impact on the optical properties.
In the case of nanopillars with large aspect ratios, diffrac-
tion at the wall roughness produces scattering of the guided
mode into other modes, resulting in a reduction of the
Q factor [9]. As the height of the micropillar decreases
and the diameter increases toward a shallow cylinder, the
FSR between adjacent Mie resonances becomes larger and
hence a weaker scattering by the surface roughness is
expected. Similarly, the exciton line width can be affected
by surface states and traps at a rough surface. Liu et al. [58]
have performed a study of these issues on QD-based pho-
tonic nanostructures, including surface passivation with
Al2O3. They have shown that the quantum efficiency is
not affected at all in the proximity of dry-etched surfaces
50–300 nm away from the QD. At 150 nm, the peak broad-
ens by a factor of 1.38 and, at 300 nm, the surface no
longer affects the line width. In the whole range, the g(2)(0)

value remains constant. In our case, we find the optimal
r = 223 nm and thus a broadening factor of the order of
1.2 in the exciton emission line could be expected. As a
final remark, the 55 nm separation between the QD and the
metallic mirror might compromise the indistinguishability
of the single photons, though being larger than typical dis-
tances employed in plasmon antennas for quantum applica-
tions [59,60]. This issue can be solved in the current design
by moving the QD to the secondary maximum at 138 nm
(223 nm below the interface) [see Fig. 3(d)], trading indis-
tinguishability for brightness. The expected change in the
CE is from 29% to 24.2% In future designs, the physical
and geometrical parameters of the structure could be mod-
ified to increase that separation. From this discussion, we
conclude that OMTC designs such as the one presented
here are feasible from the fabrication point of view.

IV. DISCUSSION

The interplay between the OTS and the Mie resonances
can be inferred from the field distribution shown for the
optimized structure in Fig. 4(a). The white lines indicate
the different regions depicted in Fig. 1(a). In the SiO2
slab (top right) a node line spans parallel to the sub-
strate. This corresponds to the OTS resonance used as a
seed in the optimization, i.e., a full oscillation of λ0/2 in
SiO2 fits within the structure. In the DBR region (bottom-
half region), an oscillation of the electric field in phase
with the DBR period is found. Indeed, despite the three-
dimensional character of the cylinder, the wave front is
parallel to the interfaces of the DBR, leading to the nar-
row directionality of the emission. The field distribution
inside the cylinder clearly shows the excitation of a Mie

resonance as anticipated in the discussion of xQD. In this
particular case, |E| shows two ring structures and |H |
shows two antinodes. This field distribution is character-
istic of a magnetic multipole resonance [61–63] and has
previously been reported for a horizontal dipole located
near the top or bottom surfaces in free-standing cylinders
[64].

The properties of the OMTC cavity are better under-
stood from the evolution of FP as a function of r and h for
fixed d, i.e., D changes with h. Figure 4(b) shows the cor-
responding contour plot with all the resonances excited in
the system. The white arrow points to the optimal one. We
recall that r determines whether the structure behaves as a
SiO2 OTC (r �) or as a GaAs OTC (r �). For r = 50 nm,
discrete resonances appear, with an FSR of λ0/2 corre-
sponding to the SiO2 OTC, and are indicated by vertical
white dashed lines. At r = 450 nm, another family of res-
onances appears, with an FSR of λ0/2, which is associated
with the GaAs OTC by a series of vertical white dotted
lines. The modal structure of the cylinder offers enough
flexibility to smoothly connect both limits. The optimal
structure appears when h gets close to the GaAs-OTC FP
N = 2. Around this value of h, the SiO2-OTC FP N = 1
mode is also excited. This explains why |E| exhibits two
nodes in the cylinder while exhibiting only one in the
SiO2 slab in Fig. 4(a). The Purcell-factor contour plot also
reveals a series of horizontal resonances crossing the Mie
resonances at regular r intervals. They are related to the
excitation of surface plasmon polaritons at the GaAs-Au
interface, as explained below.

Figure 5(a) shows a line plot of FP as a function of r,
fixing h at the optimal value. The blue line stems from
the absorption in the Au mirror, calculated as a fraction
of the total emitted power as explained above. We dis-
tinguish two series of mode peaks labeled O1n and Mn,
respectively. Their different nature is revealed by plotting
in Figs. 5(b)–5(g) the cross sections of Re(Ey) in the X -
Y plane (top) and the X -Z plane (bottom) for each mode.
The field distributions in Figs. 5(b), 5(d), 5(f), and 5(g) are
clearly confined in the GaAs-Au interface, while those in
Figs. 5(c) and 5(e) occupy the volume of the GaAs cylin-
der. In view of these results, the latter are attributed to Mie
resonances of different magnetic multipole order (M1 and
M2), while the former can be related to surface plasmon
polaritons (SPPs).

Our analysis reveals that in the region of the GaAs-
Au interface, the metallic contact acts as a circular plas-
monic patch nanoantenna [65]. In our configuration, the
dipole is oriented parallel to the interface and excites the
family of odd modes labeled as Omn [66]; in particular,
the modes with m = 1, the first azimuthal mode num-
ber, and different n radial ones. The FSR between the
O1n peaks [the dotted vertical lines in Fig. 5(a)] compares
very well with the half wavelength of the SPP λSPP =
λ0

√
(Re(εAu) + εGaAs)/Re(εAu)εGaAs [67], being equal to
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FIG. 5. (a) The evolution of FP and absorption in Au as a func-
tion of r for the optimal h. The horizontal red dotted line indicates
unity FP. The vertical blue dotted lines are spaced by λSPP/2 (see
the main text). (b)–(g) Top: the contour plot of Re(Ey) for each
mode in an XZ cross section centered at the origin (the dotted
lines are the profile of the structure) Bottom: the analogous XY
cross section for each mode close to the GaAs-Au interface. All
plots use the same color scale between negative (red) and positive
(blue) field values.

109 nm. It also agrees very well with the resonance
condition of circular-patch nanoantennas [65]:

2Re(kSPP)rn + φr = 2xn, (1)

where rn is the nth radius at resonance, φr is the phase ori-
gin, kSPP is the SPP wave vector, and xn is the nth zero of
the J1 Bessel function. The phase φr depends on r but, as
a first approximation, we can assume that the dependence
is very weak. Hence, rn+1 − rn = (xn+1 − xn)/πλSPP/2. In
addition, this verifies that (xn+1 − xn) ≈ π for small n and
therefore the FSR is very close to λSPP/2, as expected. This

is the final confirmation of the nature and position of the
different SPP resonances found in our system.

One needs to be aware of the presence of these SPP
resonances when designing an OMTC structure. They can
introduce large parasitic losses, jeopardizing the enhance-
ment of FP and Nph produced by the combination of Mie
and OTS resonances. So, even if our design is fully scal-
able to other wavelengths, e.g., 1.3 μm or 1.5 μm, just
by rescaling the DBR, r, h, and D accordingly, some care
needs to be taken in case the material dispersion introduces
the unwanted overlap between SPPs and Mie resonances
just described. Otherwise, a penalty would be paid in
performance.

We finish this section by reviewing the main advantages
of our approach. The backward collection through the sub-
strate side allows us to use a metallic optical mirror and
Ohmic contact to drive and tune electrically the emission.
The cylinder height of 350 nm allows us to fit a p-i-n
diode without any problems. If driving is not necessary
and fine control of the charge and wavelength is desired
instead, an ultrathin 162.5-nm p-i-n-i-n diode [68] or a
simpler Schottky diode [69] could be used. In all cases,
the QD-to-surface distances can be adapted and values of
100–250 nm are typical. The doping layers will introduce
some additional losses, without a significant impact on
the expected device performance. Representative values of
the absorption in GaAs at λ ≈ 1 μm are α = 11(5) cm−1

per 1018 cm−3 p-type (n-type) doping [70] and hence
the refractive-index imaginary part of the doped regions
would result in 8 × 10−5 (4 × 10−5). The design relies on
a semitransparent DBR located underneath the QD, which
enables optical excitation through a built-in [17,71–73]
or external laser diode. Secondary micro-optical elements
could be located at the substrate to excite and/or collect
the photoluminescence, which would not interfere spatially
with the primary photonic nanocavity in which the QD is
embedded. Compared with photonic crystal microcavities,
the removal of material surrounding the cylinder reduces
the chances of unwanted luminescence from nearby QDs,
contributing to the optical mode. Also, the Mie-resonance
in-plane extension fills a large proportion of the cavity
cross section, increasing the chances of good spatial over-
lap in low-density QD samples without requiring deter-
ministic methods. From the performance point of view,
the directionality of the emission is superb and allows
large single-photon extraction rates within a low NA even
with moderate values of the Purcell factor. In addition, the
design is fully scalable and manufacturable with current
microplanar fabrication techniques.

V. CONCLUSIONS

We introduce and analyze a photonic structure to
enhance the brightness of single-photon sources with very
high efficiency. Via a global optimization method, we find
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the optimal structure parameters for the case of InGaAs
QDs embedded in GaAs. From the analysis of the result-
ing structure, we show that the enhancement is based on
the cooperation of Tamm and Mie resonances intertwined
in our design. We predict a Nph of 3.6 for a narrow extrac-
tion cone of NA = 0.17 and one of 5.3 for the critical angle
extraction cone (NA = 1), which boosts the single-photon
extraction rate to the gigahertz range. These values are
significantly larger than those attainable in a bare optical
Tamm cavity or a bare Mie structure of comparable size.
Therefore, we term our proposal an optical Mie-Tamm
cavity (OMTC).
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