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We investigate the spontaneous emission (SE) of self-assembled InAs quantum dots (QDs) embedded
in GaAs ridge waveguides that lay on a low index substrate. In thin enough waveguides, the coupling
to the fundamental guided mode is vanishingly small. A pronounced anisotropy in the coupling to
non-guided modes is then directly evidenced by normal-incidence photoluminescence polarization
measurements. In this regime, a measurement of the QD decay rate reveals a SE inhibition by a factor
up to 4. In larger wires, which ensure an optimal transverse confinement of the fundamental guided
mode, the decay rate approaches the bulk value. Building on the good agreement with theoretical predictions, we infer from calculations the fraction b of SE coupled to the fundamental guided mode for
some important QD excitonic complexes. For a charged exciton (isotropic in plane optical dipole), b
reaches 0.61 at maximum for an on-axis QD. In the case of a purely transverse linear optical dipole,
b increases up to 0.91. This optimal configuration is achievable through the selective excitation of
C 2015 AIP Publishing LLC.
one of the bright neutral excitons. V
[http://dx.doi.org/10.1063/1.4906921]
Semiconductor optical waveguides that embed individual quantum dots (QDs) feature appealing assets to realize
integrated quantum photonic circuits for quantum information processing or quantum simulation.1 In most implementations, achieving a large coupling between the emitter and a
single guided mode is of critical importance. In this perspective, the fraction b of spontaneous emission (SE) funnelled
into the guided mode of interest constitutes a very important
figure of merit. Nowadays, state-of-the-art photonic crystal
waveguides offer close to unity b-factors.2–4 However, the
large transmission losses of this waveguide technology5 prevents a straightforward scaling up to large photonic chips.
One way to get around this difficulty is to couple a short photonic crystal section to a ridge waveguide,6 which features
excellent optical transmission.7 Alternatively, in a much simpler approach, the whole photonic circuit—including the QD
section—can be built with ridge waveguides. Using this
strategy, an on-chip QD-beam splitter and QD-spin interface
have been recently demonstrated.8,9 On the detection side, a
superconducting nanowire located in the evanescent field of
a ridge waveguide can be used to detect guided photons with
low noise and high efficiency.10 Despite these promising
advances, the tailoring of QD spontaneous emission by ridge
waveguides has not yet been investigated experimentally.
We address here this important question for individual
self-assembled InAs QDs integrated in GaAs ridge waveguides that lay on a low index planar substrate. This geometry, amenable to large scale integration, is inspired by a
seminal work on quantum well microlasers.11 By combining
polarization-resolved measurements and luminescence time
decay analysis, we provide a comprehensive experimental
investigation of the QD SE dynamics. Experimental results
closely follow theoretical predictions, and we build on this
a)
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agreement to discuss theoretically the b-factor for important
QD excitonic complexes. In particular, we predict that the
selective excitation of a purely transverse linear optical
dipole leads to b up to 0.91.
The ridge waveguide under consideration is sketched in
Fig. 1(a). It is made of GaAs, a material with a large refractive
index (n ¼ 3.45) and lays on a low index substrate made of
Si3N4 (n ¼ 1.99), silica (n ¼ 1.45), and epoxy (n  1.5). Its
rectangular section features a fixed height h ¼ 130 nm and a
width w. The spatial profile of the fundamental guided mode
M is shown in Fig. 1(b). A linear optical dipole with a freespace wavelength k ¼ 950 nm is located on the photonic wire
axis. The dipole can take two in plane orientations: longitudinal ðkÞ or transverse ð?Þ. Figure 1(c) shows the calculated SE
rate into M (CM) and the total SE rate (C) for both dipole configurations. All rates are normalized to the bulk value Cbulk.
The calculation was performed using a fully vectorial modal
method based on Fourier-series expansion in the transverse
directions.12,13 Both the coupling to M and the coupling to
free-space modes are strongly dependent on the dipole orientation. For a transverse dipole, an optimal coupling to M is
achieved for w/k ¼ 0.26, yielding CM? =Cbulk ¼ 0:98.
Moreover, the coupling to free-space modes is strongly inhibited, a consequence of a dielectric screening phenomenon.14
In contrast, one always has CMk ¼ 0 on the wire axis. The
total SE rate then directly accounts for the coupling to freespace modes, and Fig. 1(c) shows that dielectric screening is
absent in the longitudinal dipole configuration. As discussed
in the end of the letter, this photonic anisotropy makes the
fraction of SE funneled into M highly dependent on the nature
and orientation of the emitter dipole.
We now use self-assembled InAs QDs as a probe of the
photonic environment defined by the ridge waveguide. As
sketched in Fig. 1(a), the dots are integrated in the central
plane of the GaAs wire. The sample is not intentionally
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FIG. 1. (a) Sketch of the QD-ridge waveguide system and geometry of the
optics experiments. The (X, Y, Z) axis system corresponds to QD crystalline
eigenaxes and ð?; kÞ to the photonic eigenaxes. (b) Spatial intensity profile of
the fundamental guided mode M calculated for h ¼ 130 nm, w ¼ 300 nm, and
k ¼ 950 nm. Ek ðE? Þ is the longitudinal (transverse) electric field component
associated with M. (c) Calculated normalized SE rates plotted against the
reduced wire width w/k for linear optical dipoles, oriented along k and ?. The
wire is infinitely long and the dipole is located on the wire axis (d ¼ 0).

doped and the QDs were grown along the Z ¼ [001] direction. Within a few degrees of accuracy, the photonic axes k
and ? are parallel to the crystal axes X ¼ [110] and
Y ¼ ½1
10, which are easy cleavage axis of GaAs.15 The fabrication process consists of four main steps: (1) the growth
of a planar structure in a molecular beam epitaxy chamber,
(2) the deposition of the Si3N4 and SiO2 layers, (3) a flipchip step in which the structure is transferred on an host substrate, and (4) the top-down definition of waveguides. We
have fabricated series of 30 lm long ridge waveguides with
a nominal w ranging from 100 nm to 500 nm. The actual
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widths have been measured with a 10 nm accuracy using
SEM imaging.
The optical properties of individual QDs located in ridge
waveguides are investigated in a cryogenic (4 K) microphotoluminescence (lPL) setup. As schematized in Fig. 1(a),
excitation and collection are performed along the Z direction.
Pulsed excitation is provided by a Ti-Sa laser tuned to
840 nm, in the absorption continuum of the QD wetting
layer. The laser beam is focused on the sample with a microscope objective (NA ¼ 0.75), which also collects the sample
luminescence. After a low pass filter that blocks the residual
laser light, the luminescence is spectrally dispersed with a
grating spectrometer equipped with a CCD camera. For a
low excitation power, the lPL spectra (not shown) consist of
spectrally isolated, sharp lines corresponding to recombination from neutral or charged QD excitons. Polarization- and
time-resolved measurements are conducted using a rotating
k/2 wave plate and a fixed linear polarizer located in front of
the spectrometer and a silicon avalanche photodiode. The
polarization analysis angle is measured with respect to the
sample direction (X).
We first consider individual QDs embedded in “thin”
wires (w/k  0.12), for which the coupling to guided modes
is vanishingly small [Fig. 1(c)]: the radiative recombination
dynamics is then dominated by the coupling to free-space
modes. As exemplified in Fig. 2(a), the decay dynamics is
then significantly slower than the one of dots embedded in a
close-to-bulk photonic environment (curve “ref”). This reference was obtained on a QD ensemble located in the center of
a large square (20 lm side), patterned on the same sample,
close to the wires of interest. Both time traces are well
described by a single exponential decay, before reaching a
constant level, associated with the detector dark counts. For
the QD investigated in Fig. 2(a), the decay rate is
C ¼ 0:23 ns1 , which corresponds to a SE inhibition factor
of 4.3 with respect to the bulk reference ðCbulk ¼ 1 ns1 Þ.16
Moreover, the measured decay rate is independent on the
polarization analysis angle. In addition, Fig. 2(b) shows that
the emission of QDs in “thin” wires features a pronounced

FIG. 2. Optical properties of individual QDs embedded in “thin” wires (w/k ¼ 0.12), for which the coupling to guided modes is negligible. (a) Time-resolved
luminescence decay (vertical log scale). The curve “ref” corresponds to an ensemble of QDs embedded in a close to bulk photonic environment (20 lm large
square pattern). The solid lines are fit to a mono-exponential decay, including a constant background. (b) Typical polarization analysis. (c) Polarization angle h
and degree of linear polarization L measured for several QDs embedded in wires with similar dimensions. The point “ref” corresponds to an ensemble of QDs
located close to the center of the large square pattern. The solid-red lines correspond to lower and upper bounds for L, calculated when the lateral position of
the emitter is varied from d/w ¼ 0.49 (close to the sidewall) to d/w ¼ 0 (on-axis emitter). (d) Normalized SE rates plotted against L. The squares correspond to
experiments and the solid line to theory. We have selected here QDs whose decay rate falls between the theoretical bounds of Fig. 3.
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linear polarization, aligned along k. As shown in Fig. 2(c),
the degree of linear polarization L varies from dot to dot
from 0.6 to 0.9. This polarization is imposed by the photonic
structure: the ensemble of QDs located in the reference
square pattern exhibits indeed a much smaller average linear
polarization with L  0.1 [point “ref” in Fig. 2(c)].
To interpret these results, we first note that a “thin” wire
constitutes a very anisotropic photonic environment
ðC?  Ck Þ. Nevertheless, for the vast majority of QDs studied in this work, we reproducibly obtain single exponential
decays, with a rate that do not depend on the polarization
analysis angle. Following Ref. 17, we conclude that the emitter is simultaneously coupled to the k and ? decay channels
with a single decay rate that can be calculated as the average
C ¼ 12 Ck þ C? Þ. In the present configuration, only the
transverse dipole component experiences a pronounced SE
inhibition [Fig. 1(c)], which leads to C  Ck =2. In contrast,
for thin wires defined along the dot growth axis, all dipole
components simultaneously experience a strong SE inhibition and inhibition factors that exceed ten have been
reported.14,18 The polarization analysis sheds a complementary light on the anisotropy in the coupling to free-space
modes. Indeed, when the emitter is simultaneously coupled
to k and ? free-space modes, a fraction Ck =ðCk þ C? Þ of SE
is preferentially emitted in k-polarized modes. If the differences in collection efficiencies for transverse and longitudinal polarizations are negligible, the degree of linear
polarization can be expressed as L ¼ jCk  C? j=ðCk þ C? Þ
(the coupling to M is vanishingly small). This simple analysis yields a calculated minimum L ¼ 0.54 for an off-axis
emitter (d/w ¼ 0.49) and a maximum value L ¼ 0.93 for
d/w ¼ 0. As shown in Fig. 2(c), the experimental data fall
well within these bounds; the scatter is associated with variations of the dot lateral position d. As a final consistency
check, Fig. 2(d) shows normalized SE rates plotted against L
for QDs embedded in thin wires (w/k ¼ 0.12). The experimental data follow the predicted trend, which is plotted as a
solid line. Such observations are compatible with the radiative recombination of a charged exciton (isotropic in plane
optical dipole). They could also correspond to the recombination of a neutral exciton, provided that an additional spinflip mechanism couples the two bright excitons on a timescale shorter than radiative lifetimes.19
Figure 3 presents normalized decay rates for 120 individual QD lines in waveguides with w/k in the range of
0.1–0.3. In particular, thicker wires (w/k ¼ 0.27) provide a
tight lateral confinement of the fundamental guided mode M
[Fig. 1(c)]. The emission rate can be then as high as
C ¼ 0:84 ns1 , a signature of a good coupling to M. The two
solid curves in Fig. 3 are the calculated maximum and minimum rate in an infinitely long wire, obtained by evaluating
the average 12 Ck þ C? Þ for various lateral positions d of the
emitter. The minimum always corresponds to a QD located
close to the waveguide sidewall. The maximum coincides
most of the time with an on-axis emitter (dashed trace).
Within experimental errors, the data remain confined within
the theoretical bounds. For thin wires, some rare dots exhibit
a decay rate that exceeds the radiative limit, likely because
of inevitable non-radiative processes associated with a close
proximity to wire sidewalls.
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FIG. 3. Normalized SE rate of 120 excitonic lines embedded in wires with
various w/k. The solid lines are the calculated maximum and minimum SE
rates, obtained by varying the lateral position of the emitter from d/w ¼ 0 to
0.49. The blue-dashed line corresponds to d/w ¼ 0. The calculation assumes
an infinitely long wire.

We now theoretically evaluate the fraction b of SE
coupled to M for two important QD excitonic complexes.
For a charged exciton (isotropic in-plane optical dipole), one
has biso ¼ ðCMk þ CM? Þ=ðCk þ C? Þ. This quantity, which
includes coupling to forward and backward modes, is plotted
against w/k in Fig. 4(a). For an on-axis emitter, the maximum value is achieved for w/k ¼ 0.24, leading to biso ¼ 0.61.
To evaluate the tolerance to QD misalignment, the same
quantity is also plotted for two lateral positions d/w ¼ 0.25
and 0.49. As discussed in Ref. 17, the case of the neutral
exciton is more subtle. A typical (asymmetric) neutral InAs
QD features two bright excitonic transitions, detuned by a
few leV to a few tens of leV, with linear optical dipoles
aligned along the [110] and ½110 crystal directions. In the
presence of a fast spin-flip between the two bright states,
b ¼ biso. Without spin-flip, b depends on the orientation of
the photonic eigenaxes relative to the QD eigenaxes. A 45
angle leads again to b ¼ biso. If the waveguide is aligned
along [110] or ½110, one should consider separately the
transverse and longitudinal optical dipole, which feature
b? ¼ CM? =C? and bk ¼ CMk =Ck , respectively. If both
dipoles are equally excited, b is the average 12 bk þ b? Þ.
Interestingly, the selective excitation of the transverse dipole

FIG. 4. Calculated b-factor for two emitter dipole configurations: (a) corresponds to an in-plane, isotropic emitter, and (b) to a transverse, linear optical
dipole. The associated b-factors, respectively, biso and b? , are plotted
against w/k. In both cases, three traces are shown, corresponding to d/w ¼ 0
(on-axis), 0.25, and 0.49 (on the sidewall). The wire is infinitely long.
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(e.g., using strictly resonant pumping20) optimizes SE control by the waveguide (in particular, the suppression of the
coupling to free-space modes). As illustrated in Fig. 4(b), b
can be as large as 0.91 for a transverse optical dipole located
on the axis of a waveguide with w/k ¼ 0.36.
In a broader context, the present results highlight the importance of the optical dipole orientation to optimize SE control in a dielectric photonic wire. Such considerations are
also particularly relevant for out-of-plane nanowire antennas,
which have been developed to realize bright sources of quantum light for free-space applications.21–23 The first wire
antennas were initially etched along the growth axis of selfassembled InAs QDs, ensuring an optimal transverse orientation for QD dipoles.24,25 Since then, InP nanowire antennas
embedding an InAsP QD have also been obtained by direct
growth.26 This approach ensures that a single emitter is
located exactly on the wire axis, but also potentially changes
the nature of the QD dipole. In the InAsP/InP system, a pronounced SE inhibition was observed in thin wires,18 strongly
supporting a transverse dipole orientation.14 Interestingly
enough, II-VI QDs defined in thin nanowire display a fast
decay dynamics.27 This behavior could be explained by a
longitudinal optical dipole component associated with a—at
least partial—light hole character of the exciton.
In conclusion, we have realized planar photonic wires
and investigated in detail the SE dynamics of self-assembled
QDs inserted in such structures. Calculations and experiments highlight the crucial impact of the optical dipole
polarizations on the fraction of SE funneled into the guided
mode. This figure-of-merit can approach unity, provided that
a transverse linear dipole is selectively excited for an on-axis
emitter. Beyond on-chip generation of single photons, such
robust structures can also be exploited to explore singlephoton non-linearities or to mediate a photonic coupling
between spatially separated emitters.
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acknowledges a fellowship from Univ. Bordeaux. Sample
fabrication was carried out in the “Plateforme Technologique
Amont (PTA)” and CEA LETI MINATEC/DOPT clean
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