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We optimize the efficiency of a quantum-dot-based micropillar single-photon source by minimizing the spon-
taneous emission into unwanted background modes. We perform a numerical investigation of the background
emission, where we identify a semi-periodic enhancement with diameter. At these peaks of the background
emission, the efficiency is reduced by ∼ 20 %, and we show how this reduction can be avoided simply by
choosing a diameter away from the peaks. Finally, we analyze the discrepancy between the Purcell factor
estimated from experimental lifetime measurements and the true Purcell factor.

Within the fields of optical quantum computation1 and
communication,2 a key component is the single-photon
source3,4 (SPS) capable of emitting single indistinguish-
able photons on demand. A main figure of merit is the
efficiency ε defined as number of collected photons in the
detection optics per trigger. Since the success proba-
bility of a multi-photon interference experiment with N
photons scales as εN , the realization of scalable optical
quantum information technology requires increasing the
efficiency towards unity. The semiconductor quantum
dot (QD) embedded in a semiconductor host material has
recently emerged as a promising platform for highly ef-
ficient deterministic generation of single photons. While
the collection efficiency for a QD in a bulk material is
∼ 0.02 due to the reflection at the semiconductor-air in-
terface, the light emission can be improved by placing
the QD in an optical microcavity. The most succes-
ful SPS microcavity designs today include the narrow-
band vertical micropillar cavity,5–7 the broad-band pla-
nar ”bullseye” cavity5,8,9 and the tunable open cavity,10

where the emission rate into the cavity mode is enhanced
by the Purcell factor Fp = Γc/Γbulk, where Γc and Γbulk

are the emission rates into the cavity mode and in a
bulk medium respectively. The efficiency is then pro-
portional to the spontaneous emission β factor4,11 given

by β =
Fp

Fp+Γb/Γbulk
, where Γb is the emission rate into

background modes.
As alternative to simply increasing Fp, a less explored

strategy for realizing near-unity efficiency relies on the
suppression of the emission Γb into background modes.
In the photonic nanowire SPS,12 the suppression results
simply from a screening effect13 occurring in the single-
mode diameter regime. In the large-diameter regime, the
introductions of a gold coating14 and a radial distributed-
Bragg reflector15 have been proposed to control the back-
ground emission. However, a detailed analysis of suppres-
sion mechanisms in the large-diameter regime has not

a)Author to whom correspondence should be addressed; Electronic
mail: ngre@fotonik.dtu.dk

yet been performed. In a recent work,16 the micropil-
lar SPS performance was investigated, and here periodic
decreases in β as function of diameter were observed, at-
tributed simply to variations in the background emission
rate. However, the origin of these variations was not in-
vestigated, and an understanding of the positions of the
peaks and valleys of the background emission rate with
respect to diameter is needed to maximize the efficiency
during the design process.

In this Letter, we employ the Fourier Modal
Method17–19 (FMM) to access the background emission
rate, first in a bare nanowire geometry and subsequently
in a full micropillar cavity. We observe periodic varia-
tions in the background rate with one-to-one correspon-
dence between the peaks in the background emission and
the onset of new guided modes as function of pillar di-
ameter. We use this observation to present a guideline
for achieving optimal micropillar SPS performance. Fi-
nally, we exploit our access to the background emission
to assess the validity of a commonly used experimental
procedure to estimate the Purcell factor.

In the FMM, the structure under study is divided into
uniform layers along the propagation axis z. The electric

FIG. 1. Schematic of the infinite GaAs nanowire (a) and the
micropillar (b), where the QD is represented by a red dot.
The micropillar features distributed Bragg reflectors (DBRs)
with ntop (nbot) layer pairs above (below) the QD.
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2

field in each layer is expanded on eigenmodes E±,j(r) =
ej(r⊥)e

±iβjz , which are connected at each side of a layer
interface using the S matrix formalism.19 We model the
QD as a classical point dipole p with in-plane orientation
and harmonic time dependence at the frequency ω. The
current density is then given by J(r) = −iωpδ(r − rd)
for a QD at the position rd. In the case of the infinite
nanowire illustrated in Fig. 1(a), the emitted power Pj

into the jth mode is simply given by19,20

Pj = −
1

2

∫

V

Re[J∗(r) · Ej(r)]dV =
ω

2
Im[p ·Ej(rd)].

(1)

The spontaneous emission rate Γj into the jth mode is
then determined from (1) as20

Γj

Γbulk
=

Pj

Pbulk
, (2)

where Pbulk is the power emitted in a homogeneous
medium. For the micropillar cavity shown in Fig. 1(b),
the fundamental resonant cavity mode Ec(r) is found
by diagonalization of a roundtrip matrix as discussed in
Ref. 16, and the emission rate Γc into the cavity is again
obtained from Eqs. (1,2) using the replacement j → c.
State-of-the-art nano-positioning techniques5,21,22 allow
for excellent spatial QD position control with accuracy
below 10 nm, and we thus assume a QD placed exactly
on-axis. Finally, the refractive indices used in the sim-
ulations are determined using the model in Ref. 23 at 4
K.
For the infinite GaAs nanowire depicted in Fig. 1(a)

with refractive index n1 (n2) of the core (cladding) ma-
terial, each mode j can be categorized in terms of its
propagation constant βj and the wave number k0 = ω/c
in vacuum: Modes satisfying n2k0 < βj≤n1k0 are guided
modes, whereas those fulfilling βj < n2k0 are radiation

modes. In the following, we denote the emission rate into
the fundamental waveguide mode as ΓHE11

, the rate into
higher-order (non-HE11) guided modes as Γg, and finally
Γr is the rate into radiation modes. The total background
emission rate then reads Γb = Γg + Γr, while the total
emission rate is Γt = ΓHE11

+ Γb.
The calculated emission rates Γb, Γg and Γr as func-

tion of diameter for the infinite nanowire are presented
in Fig. 2(a), and emission rates Γj into selected individ-
ual modes are shown in Fig. 2(b). For small diameters
d/λ < 0.3, the background emission Γb is suppressed
due to the screening effect13 and light emission is pre-
dominantly into the fundamental HE11 mode.4,12,13 For
larger diameters, Γb displays a periodic oscillatory be-
havior around the bulk value, which can be understood
from inspection of the emission rates Γj in Fig. 2(b) into
individual guided modes. For an on-axis dipole emit-
ter with in-plane orientation, light is emitted exclusively
into the two classes of HE1,m+1 and EH1,m modes with
identical mode cutoff diameters dm given by24

dm
λ

=
z1,m

π
√

n2
1 − n2

2

, m = 1, 2, 3... , (3)

(c)
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FIG. 2. Infinite nanowire geometry: (a) Total (Γt), back-
ground (Γb), guided higher-order modes (Γg) and radiation
(Γr) emission rates as a function of diameter d/λ. A zoom of
the region d/λ ∈ [0.5, 0.8] is shown on the right. (b) Emission
rates into individual guided modes with vertical dotted lines
marking the mode cutoffs dm/λ. (c) Far field emission pat-
tern of the radiation modes in the x-z plane for a nanowire
aligned along the z axis for the diameters d/λ = 0.618 (blue),
d/λ = 0.658 (red) and d/λ = 0.668 (yellow). nGaAs =
3.5015.23

where z1,m is the mth zero point of the Bessel J1(x) func-
tion (HE11 has no cutoff value). The cutoffs are indicated
in Fig. 2(b) using vertical dotted lines, and we observe
that the emission into an EH1,m mode peaks abruptly
shortly after the cutoff followed by a uniform decrease
towards zero due to the increasing mode area, whereas
the HE1,m+1 emission features a slower initial increase
with a peak near the subsequent cutoff. This behavior is
reflected in the total emission rate Γg into higher-order
guided modes in Fig. 2(a), where a peak due to the onset
of a new EH1,m mode appears just after the dm cutoff.
Due to the lower amplitude of the HE1,m+1 emission, a
corresponding peak from the HE1,m+1 mode is not di-
rectly observed. The emission into radiation modes fol-
lows a similar oscillatory trend, where the peak in Γr

occurs just before a cutoff value. To understand this
variation in Γr, we present the far field emission pattern
for the radiation modes in the x − z plane at diameters
near the m = 2 cutoff (d2/λ ≈ 0.666) in Fig. 2(c). For
d/λ = 0.618, the power is emitted predominantly in the
lateral direction, however as the diameter increases to
d/λ = 0.658, the power is strongly enhanced and directed
towards the vertical direction z. Finally, for a diameter
just above the cutoff (d/λ = 0.668), the emission is re-
duced and again directed in the lateral direction.

We may thus describe the variation in total back-
ground emission rate Γb = Γg + Γr in terms of enhanced
emission into a semi-guided mode which peaks just be-
fore the onset dm of a new guided mode. When the di-
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FIG. 3. Micropillar geometry: (a) Normalized background
emission rates for three design wavelengths as function of di-
ameter. (b) Background emission as function of top DBR
layer pairs ntop and of diameter, encoded in a false color
scale, with λ0 = 895 nm and nbot = 2ntop. (c) Spontaneous
emission β factor as function of diameter for layer thicknesses
optimized for λ0 = 895 nm for all diameters (red) and for a
realistic fixed-layer-thickness wafer chosen such that λ0 = 895
nm for d0 = 3 µm (blue). We set nbot/2 = ntop = 15 in (a)
and (c). Vertical dotted lines mark the mode cutoffs dm/λ.
We use respectively nGaAs = 3.5015, 3.4859 and 3.4721 and
nAl0.85Ga0.15As = 2.9982, 2.9923 and 2.9868 at λ0 = 895, 915
and 935 nm.23

ameter increases past the cutoff, light emission into the
semi-guided mode is transformed to emission into two
fully guided HE1,m+1 and EH1,m modes. After the cut-
off point, the emission is then predominantly into guided
modes until the next onset dm+1 of the next guided
modes, where the cycle repeats itself.

We now investigate the micropillar geometry illus-
trated in Fig. 1(b) consisting of a vertical λ cavity with
a QD at the center sandwiched between two distributed
Bragg reflectors (DBRs) featuring ntop (nbot) pairs of
GaAs/Al0.85Ga0.15As in the top (bottom) DBR. We con-
sider an asymmetric structure always satisfying nbot =
2ntop to avoid leakage of light into the substrate. Unless
otherwise stated, diameter-dependent cavity and DBR
layer thicknesses are chosen to place the micropillar res-
onance at a design wavelength λ0 = 895 nm for all diam-
eters as discussed in Ref. 16. The total emission rate
for the micropillar is then given by Γt = Γc + Γb =
FpΓbulk + Γb.

The calculated background emission rate Γb for the
micropillar cavity for three design wavelengths is pre-
sented in Fig. 3(a), and a periodic oscillatory behavior in
the Γb/Γbulk ∈ [0.6, 2] interval is observed. Similarly to
the nanowire case, we notice that the peaks in the back-
ground emission appear exactly at the position of the
HE1,m+1 and EH1,m mode cutoffs (vertical dotted lines)
for all design wavelengths. To explain this behavior,
we note that the physics of the onset of new waveguide
modes in the GaAs cavity is identical to that of the infi-
nite nanowire, and the peaks may thus again be explained
by enhanced emission into a semi-guided mode initially
not subject to cavity effects. As the semi-guided mode is
subsequently transformed to a guided higher-order cavity
mode, anti-resonant cavity effects lead to destructive in-
terference and a corresponding reduction of the emission
into the higher-order cavity mode. This explains why, un-
like the infinite nanowire where the background emission
oscillates increasingly closer to the bulk value for increas-
ing diameter, destructive interference effects in the cavity
allow for Γb/Γbulk valleys of ∼ 0.6 in the entire diameter
interval considered. In these valleys, additional minor
peaks are observed resulting from the complex interplay
between resonant and anti-resonant cavity effects.

The influence of the number of layer pairs on the back-
ground emission is investigated in Fig. 3(b). We observe
a weak modulation for an increasing value of ntop due to
coupling to higher-order Bloch modes in the DBRs prop-
agating outside the stopband, a mechanism also respon-
sible for oscillations of the cavity Q factor25,26 with diam-
eter. However, importantly, we observe that the overall
positions of the peaks and valleys are independent of the
number of layer pairs. Additionally, we present the spon-
taneous emission β factor in Fig. 3(c) computed for two
different structures: (i) An optimized structure, where
the layer thicknesses are varied with diameter to keep the
resonant wavelength λ0 = 895 nm for all diameters. (ii)
A realistic wafer structure with fixed layer thicknesses
designed to have a resonance wavelength λ0 = 895 nm at
a design diameter d0 = 3 µm. In the second structure,
the cavity resonance differs from λ0 for d 6= d0. However,
we observe good agreement between the two cases, which
we attribute to the limited variation (∼ 5 nm) of the res-
onance wavelength in the diameter range considered. For
this 15/30 DBR configuration, we also note that the fac-
tor of ∼ 3 variation in Γb observed in Fig. 3(a) leads to
a sizeable decrease up to ∼ 20 % in the β factor.

In summary, we observe that the peaks in the back-

TABLE I. Optimal dopt
m

values (in units of nm) for different
design wavelengths λ0 with optimized layer thicknesses chosen
for each diameter to match the desired λ0.

λ0 dopt7 dopt8 dopt9 dopt10 dopt11 dopt12 dopt13

895 2066 2333 2600 2866 3133 3400 3666
915 2122 2396 2670 2945 3219 3493 3767
935 2178 2460 2741 3022 3303 3585 3866
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4

ground emission appear at scaled diameters given by the
scaled guided mode cutoff dm/λ values independently of
the number of layer pairs. While the resonance wave-
length defines the dm/λ scale, it does not otherwise
change the peak positions. Since the separation between
successive zero points z1,m and z1,m+1 of the Bessel func-
tion J1(x) for large values of m is well approximated
by ∆z = π, the cutoff separation can be written as
∆d ≈ λ/

√

n2
1 − n2

2. The optimal design recipe for ef-
ficient single-photon emission from micropillars thus in-
volves a selection from the sequence doptm of optimal dis-
crete diameters

doptm = dm +
∆d

2
=

λ(2z1,m + π)

2π
√

n2
1 − n2

2

, (4)

with example values given in Table I. For these diam-
eters, the normalized background emission in Fig. 3(a)
takes an average value of ∼ 0.6 leading to an estimated
spontaneous emission β factor of β ≈ Fp/(Fp + 0.6). In
this work, a perfect structure without fabrication imper-
fection is considered. While sidewall roughness leads to
a reduction in extraction efficiency, it does not alter the
positions of peaks and dips in β as function of diame-
ter (cf. Fig. 5 in Ref. 16), and the optimal sequence
in Eq. (4) remains valid even in the presence of sidewall
roughness.
We note that, even at the shortest design wavelength

λ0 = 895 nm, we obtain a separation ∆d ≈ 267 nm
large enough to avoid the cutoff values dm during the
etching process. Moreover, an uncertainty in resonance
wavelength of δλ/λ ∼ 1 % due to imperfections in the
device fabrication will result in a similar uncertainty
δdm/dm ∼ 1 % from Eq. (3). However, this is sufficiently
small compared to the separation ∆d/d ∼ 5 % between
emission peaks and valleys in the d ∈ [2, 4] µm interval,
such that the background emission peaks can be avoided
even in the presence of realistic device fabrication imper-
fection.
Finally, we investigate the validity of a frequently used

procedure22,27 to experimentally estimate the Purcell fac-
tor. Here, time-resolved photoluminescence lifetime mea-
surements are used to measure the (total) spontaneous
emission rate first on resonance and subsequently off-
resonance e.g. using temperature tuning of the QD emis-
sion line. For the resonant (r) configuration, the normal-
ized total emission rate is

Γr
t

Γbulk
= Fp +

Γr
b

Γbulk
, (5)

whereas for the non-resonant (nr) configuration, where
the QD detuning is much larger than the cavity band-
width, we simply have

Γnr
t

Γbulk
=

Γnr
b

Γbulk
. (6)

The experimentally estimated Purcell factor F e
p may then

be obtained from Γr
t and Γnr

t by assuming that the back-
ground rate is constant and equal to the bulk emission

(a)

(c)

(b)
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FIG. 4. (a) Normalized background emission rate Γb/Γbulk

versus pillar diameter d and QD emission wavelength λ for
optimized layer thicknesses with design wavelength λ0 =
895 nm. (b,c) Correction coefficients a and b defined by Eqs.
(8) for λ0 = 895, 915 and 935 nm and ∆λ = λ − λ0 = 5
nm. The resonant (non-resonant) value for λ0 = 895 nm is
indicated by the purple (green) line in panel (a). ntop = 15
and nbot = 2nbot.

rate, such that Γr
b = Γnr

b = Γnr
t = Γbulk. With these

assumptions, subtraction of (6) from (5) gives

F e
p =

Γr
t − Γnr

t

Γnr
t

. (7)

We now show that F e
p may differ substantially from the

real Purcell factor Fp due to variations in the background
emission. The exact Purcell factor Fp can be written in
terms of the estimated Purcell factor as Fp = aF e

p + b,
where the correction coefficients a and b are determined
from the background emission rates as

a = Γnr
b /Γbulk (8a)

b = (Γnr
b − Γr

b)/Γbulk, (8b)

such that the relative error in the estimation of the Pur-
cell factor becomes

Fp

F e
p

= a+
b

F e
p

≈ a, (9)

where the last approximation is valid for large Purcell
factors.
To examine the influence of the true background emis-

sion rate on the relative error, we present in Fig. 4(a)
the normalized background emission rate Γb/Γbulk as
function of physical diameter and QD emission wave-
length λ. As before, the micropillar layer thicknesses are
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5

diameter-dependent and chosen to place the resonance
at λ0 = 895 nm (purple line in Fig. 4a) for all diame-
ters. Using temperature tuning, the QD emission may
be shifted away from the resonance wavelength, and we
now consider a detuning by ∆λ = λ− λ0 = 5 nm (green
line in Fig. 4a). The correction coefficients obtained from
evaluation of the background emission Γr

b on resonance
at λ0 = 895, 915 and 935 nm and non-resonantly Γnr

b
at λ = λ0 + ∆λ are presented in Figs. 4(b,c). The cor-
rection coefficient a simply equals the normalized non-
resonant background rate, and we observe that for a Γnr

b
rate corresponding to a peak in the emission spectrum,
the true Purcell factor Fp is twice as large as F e

p esti-
mated using (7). For low Purcell factors, the b correction
coefficient should also be taken into account. For Γnr

b at
peak positions, b is always positive leading to an addi-
tional increase in the relative error given by Eq. (9). On
the other hand, for valleys in the background emission
with a = Γnr

b /Γbulk ∼ 0.6, Eq. (9) shows that the Purcell
factor may be overestimated by almost a factor of two.
To conclude, we have computed the background spon-

taneous emission rate into higher-order guided and radia-
tion modes for the micropillar single-photon source. The
background rate displays a periodic oscillatory behavior
with diameter, where peak positions appear at the onset
of new guided modes given by the well-known expression
for the cutoff diameter from standard waveguide theory.
We thereby provide a guideline for avoiding a potential
∼ 20 % drop in the efficiency for a typical micropillar
configuration. We expect that the possibility of optimiz-
ing SPS performance through analysis of the background
emission rate will be of interest for other SPS designs
as well, including as the ”bullseye” cavity5,8,9 and the
tunable open cavity.10 In addition, when using the stan-
dard experimental procedure for estimating the Purcell
factor from experimental lifetime measurements, we have
shown how the oscillatory nature of the background emis-
sion rate can lead to over- and under-estimation of the
Purcell factor by a factor of ∼ 2. We have presented cor-
responding correction coefficients relating the estimated
value to the true Purcell factor. Finally, a more quantita-
tive understanding of the radiation into the semi-guided
mode and of cavity effects on the higher-order guided
modes leading to the minor peaks in the Γb/Γbulk ∼ 0.6
valleys is desirable and will be the topic of a follow-up
work.
The authors acknowledge support from the China
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via the QuantERA ERA-NET Cofund (HYPER-U-P-S),
from the European Research Council (ERC-CoG project
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