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We report on time-resolved photoluminescence spectroscopy to determine the oscillator strength
�OS� and the quantum efficiency �QE� of site-controlled InAs quantum dots nucleating on patterned
nanoholes. These two quantities are determined by measurements on site-controlled quantum dot
�SCQD� samples with varying thickness of the capping layer. We determine radiative and
nonradiative decay rates, from which we calculate an OS of 10.1�2.6 and an encouragingly high
QE of �47�14�% for the SCQDs. The nonideal QE is attributed to nonradiative recombination at
the etched nanohole interface. © 2010 American Institute of Physics. �doi:10.1063/1.3393988�

Semiconductor quantum dots �QDs� are fascinating
nanoscopic structures for photonics and future information
technology. Due to enormous research activities devoted to
these high-quality nanostructures tremendous progress has
been achieved in their growth, their physical understanding,
and their integration into low mode volume microcavities.
The related QD-microcavity systems are of particular interest
for cavity quantum electrodynamics �cQED� studies,1,2 and
devices like single-photon sources3 and ultralow-threshold
QD lasers.4,5 However, the random position of self-organized
QDs hinders deterministic cQED-experiments and presents a
severe problem for large scale device fabrication. A possible
solution of this issue lies in the growth and device integra-
tion of site-controlled quantum dots �SCQDs�. In recent
years, significant progress has been achieved in this field. For
instance, periodic arrays of QDs with well-defined positions
have been realized6–10 and integrated into microcavities.11–13

SCQDs technology typically combines top-down and
bottom-up nanotechnology techniques. Our approach relies
on etched nanoholes acting as seeds for the self-organized
formation of the QDs.10,14 While a well-controlled growth of
SCQDs is realized in this way, it is also known that the
etching of the nanoholes introduces charged defect states in
the vicinity of the QDs. These defect states have detrimental
effect on the quality of the QDs and lead, for instance, to
large single-exciton linewidths, which typically exceed
100 �eV.13,15 Considerable efforts have been undertaken
to reduce and understand the enhanced emission linewidth
of SCQDs, which is mainly attributed to spectral
diffusion.14,16,17 However, a detailed characterization of their
quality in terms of the quantum efficiency �QE� and the os-
cillator strength �OS�, i.e., properties that are of particular
importance for the study of cQED effects and their applica-
tion in future light sources, is still missing.

In this paper we apply a method recently developed by
Johansen et al.18,19 to determine the QE and the OS of InAs
SCQDs by time-resolved spectroscopy. The method builds
on the work by Drexhage, who demonstrated a modified de-

cay rate for fluorescing molecules close to a reflecting
surface.20 The radiative decay rate is modified because the
proximity of the interface leads to a characteristic oscillation
of the local density of optical states �LDOS� at the position
of the QDs when varying the thickness of the capping layer.
As a result, the radiative decay rate of the QDs shows also an
oscillatory variation as a function of the distance z to the
interface while the nonradiative decay is not affected by a
change in the LDOS, which allows one to extract the nonra-
diative and radiative decay rates of the QDs separately from
which the QE and the OS of the QDs can be determined.

The InAs SCQDs were grown by solid source molecular
beam epitaxy on a GaAs �100� wafer. The sample growth
starts with a distributed Bragg reflector �DBR� consisting of
six pairs of quarter wavelength thick GaAs and AlAs layers,
which reflects the emission from the SCQDs and ensures
enhanced intensity in photoluminescence �PL� experiments.
The DBR is followed by a 228 nm thick GaAs buffer layer.
13 nanohole arrays with a pitch of 1 �m and a lateral ex-
tension of 200�200 �m2 are processed ex situ by means of
electron beam lithography, wet chemical etching, and a sub-
sequent cleaning step.13 The growth continues with an 8 nm
thick GaAs buffer layer before two stacked layers of InAs,
which are separated by a 10 nm thick barrier consisting of 5
nm GaAs, 3 nm Al0.34Ga0.66As, and 2 nm GaAs, are grown
on the sample. The initial InAs layer does not contain opti-
cally active QDs but previous studies showed its importance
for the formation of the SCQDs in the second InAs layer.13

The inset of Fig. 2 shows a scanning electron microscopy
�SEM� image of a reference sample. One clearly observes a
well-ordered array of SCQDs in the second layer and no
signature of QDs at interstitial sites. Finally, a 283 nm thick
GaAs capping layer is deposited on the sample. Afterwards
13 SCQD samples with capping layers between
37 and 283 nm were realized by wet chemical etching. The
actual thickness of the capping layer was determined for
each subsample with an error of �8 nm. A cross sectional
SEM image and a schematic view of a sample with
z=283 nm are depicted in Fig. 1.a�Electronic mail: stephan.reitzenstein@physik.uni-wuerzburg.de.
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To begin with we recorded time-integrated PL of the
ensemble consisting of a few hundred SCQDs. The SCQDs
were excited by a mode-locked Ti:sapphire laser emitting
150 fs wide pulses at a repetition rate of 82 MHz and a
wavelength of 780 nm. The PL setup has a spectral reso-
lution of 150 �eV and a temporal resolution of 100 ps. Fig-
ure 2 shows a PL spectrum of the sample with a distance of
283 nm between the SCQDs and the GaAs-air interface.
Similar to standard self-assembled QDs, an inhomoge-
neously broadened emission band centered at 930 nm is ob-
served. In addition, a micro-photoluminescence �µPL� emis-
sion spectrum from a single SCQD line is presented in Fig.
2. The SCQD exhibits a full width at half maximum of
610 �eV which is in agreement with previous studies on
SCQDs. Compared to standard self-assembled QDs with
emission linewidths below 10 �eV,21 the significantly
broader linewidth of the SCQDs is attributed to spectral dif-
fusion due to charge traps at the etched layer of the
nanoholes.14 As a consequence, important information about
the homogeneous linewidth and, thus, information about the
radiative decay rate of SCQDs cannot be assessed by simple
PL measurements.

To obtain insight into the optical quality of the SCQDs
we studied their decay characteristics under variation in z �cf.
Fig. 3�b�� for three different wavelengths �920, 930, and 940
nm� within the inhomogeneously broadened emission spec-
trum. Figure 3�a� shows characteristic PL decay curves from
SCQDs placed at two different distances �z=72 and 169 nm�

to the GaAs-air interface on a semilogarithmic scale �detec-
tion window: �930�2� nm�. By fitting the data at short
delay times with an exponential decay function we extract
the recombination rate of bright excitons18 �solid black and
solid red/gray line� giving total decay rates of 1.61 ns−1 for
z=72 nm and 2.05 ns−1 for z=169 nm. The different decay
rates reflect the change in the LDOS associated with a dif-
ferent thickness of the capping layer. The decay rates of all
samples are extracted in the same way from time-resolved
measurements and are summarized in Fig. 3�c� as a function
of z. A clear oscillatory behavior is observed for all traces
that correspond to detection at the wavelengths �c=920, 930,
and 940 nm.

In order to facilitate a quantitative evaluation of the QE
and OS we have compared the measured decay rates to the
LDOS following the procedure outlined in Refs. 18 and 19.
The measured decay rate ��� ,z� of a QD can be expressed
by

���,z� = �nrad��� + �rad
hom���

���,z�
�hom���

, �1�

where �nrad��� denotes the nonradiative decay rate and
�rad

hom��� represents the radiative decay in a homogeneous
medium with an LDOS �hom��� at the frequency � of the
optical transition. The second term in Eq. �1� corresponds to
the radiative decay rate which depends via the projected
LDOS ��� ,z� on z. In the present case the DBR stack and
the Al0.34Ga0.66As layer below the SCQD layer modify the
LDOS significantly and must be taken into account. We have

FIG. 1. �Color online� �a� SEM image of the cleaved edge of the sample
with a distance of 283 nm between the SCQDs and the GaAs-air interface.
�b� Schematic view of the sample. Optically active SCQDs are located in the
second InAs layer.

FIG. 2. �Color online� PL spectra of the SCQD sample with a distance of
283 nm between the SCQDs and the GaAs-air interface recorded at T
=10 K. The inset shows an SEM image of an uncapped reference sample
with well-ordered arrays of SCQDs �pitch: 1 �m�, which was tilted for
better visibility.

FIG. 3. �Color online� �a� Semilogarithmic plot of the PL decay curves for
SCQDs positioned at 72 nm �black, upper curve� and 169 nm �red/gray,
lower curve� distance to the GaAs-air interface recorded at �c=930 nm. �b�
Schematic illustration of the sample. �c� Experimental decay rates �symbols�
and calculated LDOS �solid lines� as a function of distance z to the surface
for �c=920, 930, and 940 nm.
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included all layers in the heterostructure by introducing gen-
eralized Fresnel coefficients, which are calculated by a trans-
mission matrix method. The result of this analysis is depicted
in Fig. 3�c�, which shows a good agreement between experi-
ment and theory. From the fits to the LDOS we have ex-
tracted radiative decay rates �rad

hom=1.0 ns−1, 0.88 ns−1, and
0.82 ns−1 and nonradiative decay rates �nrad=1.2 ns−1,
1.0 ns−1, and 0.79 ns−1 for �c=920 nm, 930 nm, and 940
nm, respectively. After averaging these values over wave-
length and taking the experimental errors into account we
obtain a QE=�rad

hom / ��nrad+�rad
hom�= �47�14�% which is

somewhat lower than values in excess of 90% reported for
self-assembled QDs.18 The averaged radiative decay rate
�rad

hom���= �0.9�0.2� ns−1 allows us furthermore to deter-
mine an averaged OS=10.1�2.6 for the SCQDs.18 This re-
sult compares well with values on the order of 10 obtained
for standard InAs QDs and is supported by diamagnetic co-
efficients below 10 �eV /T2 for SCQDs which is typical for
small diameter QDs.22

We attribute the higher nonradiative decay rates for
SCQDs mainly to tunneling and subsequent fast relaxation
of carriers at defects close to the etched nanohole interface
18 nm below the QD layer �cf. Fig. 1�. We have calculated
the tunneling rate between the SCQDs and the nearby
nanohole interface using the simulation tool NEXTNANO

�www.nextnano.de� in order to test the validity of this inter-
pretation. The corresponding tunneling rate through the 18
nm thick GaAs /Al0.34Ga0.66As barrier �see above for the
layer composition� is given by �tun,e/h= �2E0,e/h /h�Te/h, where
E0,e/h represents the energy of the electron �e� and hole �h�
ground state in the QD. For a rough estimate of �tun,e/h we
calculated the tunneling probability Te/h of electrons and
holes under flat-band condition. While the corresponding
tunneling rate of the holes ��tun,h� is negligibly small, we
obtain �tun,e=0.1 ns−1 for the electrons with E0=0.21 eV
and an ionization energy of 60 meV. The deviation from
the experimental data ��nrad�1 ns−1� is attributed to Fermi
level pinning at the nanohole interface and the related band
bending. In fact, when varying the band bending, �tun,e
=1.0 ns−1 is obtained for a reasonably strong electrical field
E=30 kV /cm present in the growth direction. It is interest-
ing to note that increasing the Al content in the 3 nm thick
AlGaAs section from 34% to 74% would result in a more
than two orders of magnitude lower tunneling probability,
which could strongly enhance the QE of the SCQDs. Thus,
further optimization in terms of the QE could focus on in-
creasing the barrier height or thickness of the AlGaAs sec-
tion in the spacer layer. We would like to point out that an
exact description of the nonradiative decay process requires a
detailed knowledge of the nature and the density of defects at
the etched nanohole interface which is beyond the scope of
this paper.

In summary we have performed detailed studies on the
optical quality of site-controlled InAs QDs. By applying
time-resolved spectroscopy on samples with varying thick-
ness of the capping layer we measured the homogeneous
medium radiative and nonradiative decay rates, from which
we directly determined the QE and OS. The relatively high
QE= �47�14�% of the SCQDs is very promising for appli-
cations in the cQED regime because the radiative decay rate

and thus the QE can be enhanced by the Purcell effect, which
is particularly feasible due to the accurate position control of
the SCQDs. Furthermore, the present method of determining
the QE and OS will be highly beneficial for the ongoing
optimization of SCQDs.
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