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We present a numerical investigation of the performance of the micropillar cavity single-photon source featuring an
elliptical cross-section. While ellipticity serves to establish polarization control of the emitted photons, it introduces a
trade-off due to reduced coupling to a Gaussian profile in the far field as well as the need for significantly increased
pumping power when a resonant excitation pumping scheme is implemented. Starting from a circular micropillar, we
identify optimum geometrical parameters leading to a maximum polarized coupling efficiency of 0.90 to a Gaussian
profile in the far field combined with a modest relative increase in pump power of 16 dB.

Within optical quantum information processing, quantum
bits are encoded on single photons, and thus a central build-
ing block of associated systems is the single-photon source1

(SPS). Its figures of merit2 are the efficiency ε defined as the
number of photons detected by the collection optics per trig-
ger, and the indistinguishability η of the emitted photons, as
well as their purity g(2)(τ = 0). The success probability P of
a multi-photon interference experiment with N photons scales
as P = (εη)N , and increasing εη is thus vital in the realiza-
tion of scalable quantum information technologies. Whereas
the spontaneous emission down-conversion3 process has been
a major workhorse within quantum optics for the past three
decades, its probabilistic nature limits the efficiency to around
∼ 0.01. For this reason, an alternative strategy for determin-
istic single-photon emission based on two-level systems4 has
been pursued, and within the last decade the semiconductor
quantum dot5 (QD) embedded in a host material has emerged
as a dominating platform for efficient generation of single in-
distinguishable photons.

For a QD in a bulk material, the large index contrast at
the semiconductor-air interface6 leads to a low collection ef-
ficiency, and it is necessary to structure the photonic envi-
ronment to direct the emitted photons towards the collection
optics.1 The relatively large penetration of light into met-
als at optical frequencies and the associated loss have moti-
vated the development of two classes of all-dielectric SPS de-
signs; narrow-band designs such as the micro-cavity pillar,7–18

where the light emission is controlled using cavity quantum
electrodynamics effects, and broad-band designs including the
photonic nanowire,19,20 the photonic crystal waveguide21 and
the microlens22, where the emission is controlled using a com-
bination of dielectric screening, slow-light and classical beam
shaping effects.

For sources featuring vertical emission of light, the mi-
cropillar cavity depicted in Fig. 1 consisting of a λ (wave-
length) cavity sandwiched between two distributed Bragg re-
flectors (DBRs) is presently the champion SPS design: Us-
ing the resonant excitation23 pumping scheme, indistinguish-
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able photon emission with η ∼ 0.997,8 combined with effi-
ciency up to ε ∼ 0.337 has been demonstrated for rotation-
ally symmetric micropillars. While resonant excitation avoids
the time-jitter24 detrimental to the indistinguishability of non-
resonant excitation schemes, it introduces the necessity to fil-
ter out the pump laser light typically using a cross-polarization
setup. This passive polarization filtering, which also serves
to project the light into a single polarization as required by
most applications, limits the maximum achievable efficiency
to 50 % for the rotationally symmetric micropillar9. Alter-
native pumping techniques avoiding this barrier include two-
color resonant excitation,10 which however puts a limit on the
cavity Q factor, and phonon-assisted excitation, where a lower
indistinguishability of η ∼ 0.91 was recently demonstrated.11

One strategy for overcoming the 50 % barrier of the res-
onant excitation scheme is to lift the spectral degeneracy of

FIG. 1. The elliptical micropillar SPS, where the QD is placed in
the center of a λ cavity surrounded by distributed Bragg reflectors
(DBRs) with Ntop (Nbottom) layer pairs in the top (bottom) mirror.
The inset shows the cross-section featuring a major (Dx) and the mi-
nor (Dy) axis.
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the two orthogonally polarized X and Y cavity modes us-
ing an elliptical cross-section12–16. Here, the QD is spec-
trally aligned with e.g. the co-polarized X mode, and since
the cross-polarized Y mode is spectrally detuned, photons will
be preferentially emitted into the co-polarized X mode. This
scheme was recently exploited to demonstrate12 an efficiency
ε of 0.6 combined with η ∼ 0.97, thus overcoming the 50 %
barrier of the cross-polarization scheme.

The increasing ellipticity leads to a reduction in the cou-
pling to a Gaussian profile in the far field and also an in-
crease in the required pump power, as the QD is pumped using
the cross-polarized misaligned Y mode. However, the cor-
responding limits to the achievable polarization control, and
in turn the total efficiency, as function of ellipticity, spectral
shift and cavity Q factor have not yet been explored. A re-
cent work presents the numerical optimization17 of the cir-
cular micropillar cavity in the presence of phonon-induced
decoherence24 resulting from the interaction with lattice vi-
brations of the solid-state environment, and here an optimum
performance of 0.95 unpolarized efficiency combined with
0.997 indistinguishability was demonstrated. We select the
optimum circular geometry and then introduce a gradual el-
lipticity preserving the indistinguishability. We subsequently
perform a numerical optimization of the achievable efficiency
from a micropillar cavity featuring an elliptical cross-section
demonstrating enhanced performance characteristics.

We consider the micropillar cavity structure shown in Fig.
1. Following Ref. 17, the vertical cavity is formed by two
asymmetrical distributed Bragg reflectors made from alternat-
ing layers of GaAs and Al0.85Ga0.15As with Ntop (Nbottom) pe-
riodic layer pairs in the top (bottom) mirror. The refractive
indices are 3.5015 and 2.9982 for GaAs and Al0.85Ga0.15As
layers25, respectively, and the free-space design wavelength is
λ0 = 895 nm. The condition Nbottom > Ntop should always be
met to avoid leakage of the electromagnetic field into the sub-
strate. The thicknesses of the DBR layers are chosen such that
reflected waves interfere constructively, meaning that each
layer has a thickness of λ0/(4neff), where neff is the effective
refractive index of the fundamental mode in the correspond-
ing layer. The one wavelength-thick cavity (λ0/neff) leads to
an anti-node at the QD position in the center of the cavity.
While the mirror structures lead to optical confinement in the
vertical direction, the lateral confinement is ensured via total
internal reflection at the semiconductor-air interface. Finally,
we consider a collection lens with a numerical aperture of 0.82
placed in the far field.

The nanophotonic environment is analyzed with the open
geometry modal method introduced in Refs. 26–28, for or-
thogonal curvilinear coordinate systems. Here, we divide the
computational domain into uniform layers along the vertical
propagation z axis and expand the fields in forward and back-
ward propagating eigenmodes as

E(r⊥,z) =∑
j

a je j(r⊥)eiβ jz +∑
j

b je j(r⊥)e−iβ jz (1)

H(r⊥,z) =∑
j

a jh j(r⊥)eiβ jz +∑
j

b jh j(r⊥)e−iβ jz, (2)

where E and H are the electric and the magnetic fields, re-

spectively, in the transverse coordinates r⊥, a j and b j are the
expansion coefficients for the jth eigenmode, e j and h j are
the eigenmodes, β is the propagation constant, and z is the
longitudinal coordinate. The eigenmodes of interest and the
associated propagation constants are determined by solving
the Helmholtz’s equation in the uniform layers. The sponta-
neous emission process of the QD is modeled29 using a clas-
sical point dipole, and the field expansion coefficients are de-
termined by projecting17,30 the exciting current distribution (a
point dipole with in-plane orientation) onto the eigenmodes.
Subsequently, the reflection and transmission coefficients at
the layer interfaces are calculated using S matrix theory30.

In the case of a charged exciton or a neutral exciton with a
45◦ angle between the dipole and the x and y axes, the light
emission is unpolarized9,31 and the x/y-polarized spontaneous
emission rate is proportional29 to the total classical power
Px/y

T , including the contribution to the radiation modes, emit-
ted by an x/y-oriented classical dipole. Furthermore, since
the emitter is placed at the (on-axis) center, an x/y-oriented
dipole does not emit into the Y/X cavity mode. With these as-
sumptions, the spontaneous emission β X/Y factor for the X/Y
cavity mode is given by

β
X/Y =

PX/Y
cav

Px
T +Py

T
=

FX/Y

Px
T/Pbulk +Py

T/Pbulk
, (3)

where PX/Y
cav represents the power coupled into the fundamen-

tal cavity X/Y mode from an x/y-oriented dipole. It is typi-
cally presented in terms of the Purcell factor32 F as29,33

FX/Y(λ ) =
PX/Y

cav (λ )

Pbulk(λ )
, (4)

describing the wavelength-dependent power emission rela-
tive to the power Pbulk(λ ) emitted by the dipole into a bulk
medium. While the maximum Purcell enhancement is ob-
tained on-resonance, the Purcell factor for the off-resonant
cross-polarized mode can also be defined through (4). The
power PX/Y

lens collected by the lens in the far field is computed
using a near-field to far-field transformation34 and an over-
lap with a Gaussian profile35,36 to model coupling to a single-
mode fiber. Consequently, we define the transmission γX/Y

from the X/Y cavity mode to the lens (cf. Fig. 1) as the ra-
tio γX/Y = PX/Y

lens /PX/Y
cav . The overall source efficiency εX/Y

is then obtained in a single-mode picture17 as the product of
the spontaneous emission factor β X/Y and the collection effi-
ciency γX/Y such that εX/Y = β X/YγX/Y. Finally, we consider
the quality factor Q for the X and Y cavity modes computed
by constructing an eigenvalue problem using the cavity round-
trip matrix outlined in Ref. 37.

Our starting point is the optimized circular micropillar con-
figuration presented in Ref. 17. The structure features a high-
reflectivity bottom mirror with Nbottom = 40 DBR pairs and
a top mirror with Ntop = 21 pairs with optimum εη perfor-
mance obtained in the D ∈ [2,4] µm diameter range. The
indistinguishability computed in Ref. 17 depends on the cav-
ity Q factor and the mode volume, and if these quantities are
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FIG. 2. The emission of the fundamental cavity cross-polarized Y
mode in the elliptical micropillar structure. Each curve represents the
cross-polarization emission as a function of wavelength for different
ellipticities (e). The sum of the length of the major and the minor axis
is constant, Dx +Dy = 6 µm. The black curve represents a circular
micropillar, whereas the yellow represents the largest ellipticity. The
half cross-sections are shown in the inset with matching colors. The
thicknesses of the DBR layers are always chosen such that the co-
polarization X mode operates at the design wavelength of 895nm.

FIG. 3. Electric near-field distributions of the circular (a,c) and the
elliptical (Dx = 3.5 µm) micropillar cavity structure (b,d). The near
field is computed at the top of the structure for a point dipole emitting
at the λ0 = 895nm design wavelength. The first row (a,b) presents
the co-polarized X cavity mode fields, while the second row (c,d)
shows the cross-polarized Y mode fields.

preserved, we may expect a similarly high η ∼ 0.99. To keep
the mode volume (roughly) constant, we introduce elliptic-
ity (e = 1−Dy/Dx) to the structure while keeping the sum
of the major axis (Dx) and the minor axis (Dy) constant at
6 µm. For each set of considered semi-diameters, the layer
thicknesses are chosen as discussed above such that the res-
onance of the X-polarized mode is maintained at the design

wavelength λ0 = 895 nm.
We now present the power PY

cav coupled to the cross-
polarized Y mode in Fig. 2 as function of λ . For a circular
micropillar with e = 0 (Dx = Dy, black curve), the peak PY

cav
power is obtained at the design wavelength λ0, since the power
spectra for the two polarizations in this case are identical.
However, increasing the ellipticity by increasing the length Dx
of the major axis shifts the cross-polarized Y mode towards
shorter wavelengths leading to a decrease of PY

cav at the design
wavelength. A slight ellipticity of e = 0.13 (Dx = 3.2 µm, red
curve) results in a relative suppression of the cross-polarized
Y mode of ∼ 2 dB at the design wavelength, whereas a larger
ellipticity, such as e = 0.29 (Dx = 3.5 µm, yellow curve), al-
lows for a suppression ∼ 13dB. To visualize the suppression
effect of the ellipticity, we show in Fig. 3(a-d) the near-field
distributions computed in the horizontal plane just above the
top DBR section. The X polarized near fields are presented
for the circular and an elliptical pillar in Figs. 3(a,b) respec-
tively, whereas the corresponding Y polarized near fields are
shown in Figs. 3(c,d). The Y-polarized near field for the el-
liptical cross-section in Fig. 3(d) is suppressed at the design
wavelength, and we observe that this leads to a relative reduc-
tion of its field intensity compared to the co-polarized field in
Figs. 3(b) and the fields for the circular configuration.

The computed figures of merit for elliptical micropillar cav-
ities with ellipticities from 0 to 0.8 (corresponding to major
axes Dx between 3 µm and 5 µm) are shown in Fig. 4. Again,
the layer thicknesses are chosen for each set of Dx and Dy val-
ues to always maintain the resonance peak for the co-polarized
X mode at the design wavelength of λ0 = 895nm. We find
in Fig. 4(a) that the increasing ellipticity hardly affects the Q
factor for the co-polarized X mode, whereas a slight reduc-
tion for the cross-polarization occurs due to the layer thick-
nesses not being optimized for the Y mode. The stability in
the co-polarized Q factor ensures that the high degree of in-
distinguishability of the circular micropillar in the presence
of phonon-induced decoherence is maintained for increasing
ellipticity. The Purcell factor FY(λ0) for the cross-polarized
Y mode evaluated at the design wavelength decreases quickly
in Fig. 4(b) with increasing ellipticity as the resonance for the
Y mode is blue-shifted away from the design wavelength as
discussed earlier. On the other hand, the Purcell enhancement
for the X mode is increased as its mode volume is not exactly
conserved by the requirement Dx +Dy = 6 µm but instead is
slightly reduced with increasing ellipticity.

The spontaneous emission factor β is identical for the two
polarizations for the circular geometry as shown in Fig. 4(c).
However, the drop in FY(λ0) with increasing ellipticity leads
to a reduction of Py

T in the denominator of Eq. 3, and in turn to
an increase in β X towards unity. Correspondingly, the drop in
FY(λ0) results in a decrease of β Y towards 0. This selective
increase of β X and suppression of β Y with ellipticity is the
central mechanism for establishing polarization control using
an elliptical cross section. The transmission γ from the cavity
to the lens is shown in Fig. 4(d). For both polarizations, the
maximum transmission is obtained for the circular geometry
where the overlap with the Gaussian profile in the far field is
maximum. As the ellipticity increases, the transmission de-
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FIG. 4. Figures of merit for the co-polarized X (blue curves) and cross-polarized Y (red curves) modes: The Q factor (a), the Purcell factor
F (b) evaluated at the design wavelength λ0, the spontaneous emission β factor (c), the collection efficiency γ (d) for a 0.82 NA lens and the
overall ε efficiency (e) as function of ellipticity (e = 1−Dy/Dx), where the sum of the semi-axes is kept constant such that Dx +Dy = 6 µm.
The relative increase in required pump power (see main text) is presented in (f). The number of DBR layer pairs are Ntop = 21 and Nbottom = 40.
The inset shows quarter cross-sections for e = 0 (black), e = 0.4 (red) and e = 0.8 (orange).

creases due to a deterioration of the overlap of the elliptical
modes with the perfect circular Gaussian profile, and this re-
duction leads to a trade-off between the achievable β X and γX

for the elliptical micropillar design. The effect of this trade-
off is observed for the overall source efficiency ε presented
in Fig. 4(e), where we observe that a maximum efficiency of
εX ∼ 0.90 is obtained for e = 0.35 corresponding to Dx =
3.64 µm. Moreover, the polarized efficiency remains above
0.85 for ellipticity between 0.27 and 0.52 corresponding to
Dx ∈ [3.47,4.1] µm.

An important practical consideration when implementing
the elliptical cross-section is the increase in required pump
power as the QD is pumped using y-polarized light. The
relative increase Ppump

rel between the pump power needed for
achieving saturation of the QD at the design wavelength for
the circular geometry and for the elliptical pillar is given by

Ppump
rel (e) =

PY
cav(e = 0)
PY

cav(e)
(5)

and is plotted in Fig. 4(f), where we observe that Ppump
rel in-

creases exponentially with the ellipticity. For e = 0.8, a pump
power increase of four orders of magnitude is required to sat-
urate the QD, and this rapid exponential increase in pump
power represents a significant drawback of elliptical cross-
section strategy for implementing polarization control.

We now discuss the strengths and weaknesses of the ellip-
tical micropillar design strategy used in the cross-polarized
resonant excitation scheme. The elliptical cross-section is
straight-forward to implement and allows for an increase of
the spontaneous emission β X of the desired co-polarized X
mode towards unity. However, a trade-off occurs due to the
reduced overlap of the elliptical mode profile with the Gaus-
sian in the far field. Additionally, the same suppression mech-
anism which ensures high polarization control also increases

the required pump power. For the elliptical micropillar design
under consideration, a maximum polarized efficiency of εX ∼
0.90 is obtained for e = 0.35, and here the wavelength split-
ting of 0.12 nm is ∼ 4 times smaller and the relative increase
in pump power of 16 dB is only 5 dB larger than in a recent
experimental demonstration12. While a complete optimiza-
tion of both ε (without the Dx +Dy = 6 µm constraint) and
η from scratch is of interest, it is beyond this Letter. Instead,
our work exploits the findings of Ref. 17, where explicit cal-
culations of achievable photon indistinguishability in the pres-
ence of phonon-induced decoherence were performed. Since
the indistinguishability depends only on the Q factor and the
mode volume, we may expect a similar high indistinguishabil-
ity with η > 0.99 as in Ref. 17 for elliptical micropillars with
similar Q factors and mode volumes of the X mode. While
the intrinsic Q factor is largely unaffected by introduction of
the elliptical cross-section, sidewall imperfection in realistic
devices is known18 to cause scattering loss and a reduction
in Q. However, we note that the reduced 0.85 Al fraction in
the Al0.85Ga0.15As layer considered here strongly suppresses
oxidation as compared to pure AlAs thus reducing sidewall
imperfection. Also, extrinsic loss in elliptical micropillars af-
fects the X mode less12,14 than the Y mode, and with these
observations we leave the more detailed investigation of the
effect of extrinsic loss to a follow-up work. Now, while Fig.
4(b) indicates a decrease in mode volume up to a factor of∼ 2
for e = 0.8 (Dx = 5 µm), Fig. 4(b) in Ref. 17 shows that the
indistinguishability η for Ntop = 21 is stable in the D ∈ [2,3]
µm diameter regime, and we may thus expect η > 0.99 in the
entire Dx ∈ [3,5] µm range considered in this work. While
we have showed that a product εη ∼ 0.89 may be achieved
using the elliptical micropillar design, the trade-off between
achievable β X and γX represents a bottleneck for the ellipti-
cal micropillar SPS and ways of increasing εη beyond 0.89
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are not obvious. One may envision that the trade-off could be
overcome by implementing a new vertical geometry featuring
a transition from an elliptical cross-section at the position of
the QD to a circular (or only slightly elliptical) cross-section at
the top of the DBR. Such a transition could naturally be imple-
mented using the recently proposed "hourglass" geometry38

which could potentially allow for a performance εη ∼ far be-
yond 0.89.

In conclusion, we have performed a numerical optimiza-
tion of the elliptical micropillar geometry, which allows for
polarization control such that the 50 % barrier of the cross-
polarization scheme used in resonant excitation may be over-
come. We have demonstrated that a polarized efficiency of
0.90 can be achieved combined with a modest increase in re-
quired pump power of 16 dB. We have shown that the ge-
ometry is compatible with photon indistinguishabilities above
0.99. The numerically predicted single-photon source perfor-
mance in this work presents a significant step forward as com-
pared to the state-of-the-art.

The authors acknowledge support from Villum Fonden
(VKR Center of Excellence NATEC-II, grant 8692), from
the European Research Council (ERC-CoG "UNITY", grant
865230) and from the Independent Research Fund Denmark
(grant DFF-9041-00046B).
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