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We report on the optical characterization of site-controlled InP/GalnP quantum dots (QDs).
Spatially resolved low temperature cathodoluminescence proves the long-range ordering of the
buried emitters, revealing a yield of ~90% of optically active, positioned QDs and a strong
suppression of emitters on interstitial positions. The emission of single QDs shows a pronounced
degree of linear polarization along the [0,—1,1] crystal axis with an average degree of polarization
of 94%. Photon correlation measurements of the emission from a single QD indicate the single-
photon character of the exciton and biexciton emission lines as well as the cascaded nature of the
photon pair. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828354]

The groundbreaking demonstration of single photon
emission from semiconductor quantum dots' has triggered
an extensive amount of research devoted to their non-
classical emission character. Furthermore, the integration of
quantum dots (QDs) into tailored photonic environments
such as micro- and nanocavities has allowed the observation
of pronounced coupling effects between light and matter.>”
The enhancement of the spontaneous emission rate experi-
enced by a single QD integrated in a microcavity has already
been exploited to increase the efficiency of optically*” and
electrically driven single photon sources,® and of sources of
polarization entangled photons.” To fabricate such devices
with high yield, only a single QD should be located in the
active region, specifically at the position of the highest opti-
cal field intensity. This is essential in order to suppress the
emission of uncorrelated photons from spectator QDs in the
device, and to achieve maximum light-matter coupling. To
date, however, most devices have been realized based on
randomly grown QDs, which implies that the aforemen-
tioned criterion can only be fulfilled with low yield. QD
positioning techniques allow one to control the spatial
matching between emitter and cavity mode, as has been
reported elsewhere.®® For some applications, such as quan-
tum key distribution using single photons, the overall effi-
ciency of the system can be increased by using quantum
light sources which emit photons of a specified polarization.
Consequently, work has been devoted to the development of
polarization controlled quantum dot based single photon
sources by post-processing techniques of grown cavities,'*"!
since conventional InAs/GaAs QDs emit single photons with
unspecified polarization. In contrast, the emission from our
InP/GalnP site-controlled QDs (SCDQs) is characterized by
a very high degree of linear polarization.

Furthermore, the emission wavelength of the QDs
should be in the high-sensitivity region of commercial single
photon detection modules. This is, unfortunately, not the
case in the well-established InAs/GaAs material system.
However, InP/GalnP QDs, grown on GaAs substrates can
indeed emit single photons on demand in the visible red
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spectral range where silicon single photon detectors have
their highest quantum efficiency.'> Hence, site-controlled
InP/GaInP QDs with high optical quality are promising can-
didates to meet the aforementioned requirements, and first
promising experimental demonstrations of such nanostruc-
tures have recently been reported.'*'*

So far, mainly the emission properties of self assembled
InP/GalnP quantum dots were investigated. Reischle et al.
studied photon correlations between the biexciton and the
exciton emission and analyzed the influence of the dark exci-
ton state on the optical and quantum optical properties.'”
Polarization properties of single InP QDs were investigated
by Sugisaki er al.'® and Schmidbauer et al.'” Both groups
reported a surprisingly high degree of linear polarization
from the QDs, which they attributed to anisotropic strain in
the matrix and composition modulations' or a shape aniso-
tropy of the QDs.'® Zwiller et al. initially demonstrated the
capability of InP QDs to act as sources of triggered single
photons,'? which also has been confirmed by Baumann et al.
for site-controlled InP QDs."?

In this letter, we extend the work by Baumann et al.'*'*
and focus on the emission properties of site-controlled InP
QDs with respect to their exploitation as the active medium
in quantum light sources in greater detail. We present a
detailed analysis on the polarization characteristics and the
cascaded nature of the emission of the exciton and biexciton
of those QDs, which has been elusive to date. The sample
under investigation was realized by means of epitaxial
growth on a pre-patterned substrate with shallow nanoholes
via gas-source molecular beam epitaxy. Details on the fabri-
cation process can be found elsewhere.'*'* The optically
active QDs are vertically separated from the etched nano-
holes by approximately 40nm, which is facilitated by the
introduction of a strain mediating seeding layer. Such a large
separation ensures the preservation of high optical properties
of the site-controlled QDs.9

In order to assess the spatial ordering of our buried QDs
under investigation, we characterize the sample via spatially
resolved scanning cathodoluminescence (CL) spectroscopy.

© 2013 AIP Publishing LLC
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This technique has been proven to be very suitable for the
investigation of long-range ordering effects of optically
active emitters, since it combines a high spatial resolution
with the capability of probing the emitter’s luminescence
properties.'®2° The corresponding panchromatic CL image
of a QD array with a spacing of 1.25 ym, recorded at a tem-
perature of 5 K is shown in Fig. 1. The CL intensity map was
measured with an acceleration voltage of 7kV and a beam
current of 0.8 nA. Spectra were taken every 100 nm, and the
resulting image shows excellent long-range ordering and
more than 90% of optically active QDs. The strong variation
in the brightness (from 3% to 100%) of the QDs can be
attributed to a variation in the quantum efficiencies of our
QDs, an effect which is of particular importance for site-
controlled QDS.21 Less than 3% of the QDs are misplaced,
which indicates the high quality of the fabrication process.

Since 97% of the emitters are positioned QDs, their opti-
cal properties can be studied with micro-photoluminescence
(#PL), which by itself cannot distinguish between on-site
and misplaced dots on the sub-micron scale. The QDs were
excited with a frequency doubled Nd:YAG-laser emitting at
a wavelength of 532nm. The beam was focused through a
20X microscope objective to a 4 um spot on the sample
which was held at a temperature of 18 K. The photolumines-
cence signal was analyzed by a monochromator equipped
with a 1200 lines/mm grating and a liquid nitrogen cooled
Silicon-CCD, yielding an overall spectral resolution of about
30 ueV at an energy of 1.88eV. Figure 2(a) depicts a typical
QD pPL spectrum recorded at an excitation power of 4.7 uW
in horizontal and vertical polarization, respectively. Two
main emission features dominate the spectrum, which we at-
tribute to the exciton (X) and biexciton (XX) emission of a
single QD with a linewidth of 281 eV and 270 ueV,
respectively.

Figure 2(b) shows the power dependent integrated inten-
sity of both emission lines. The exciton emission shows an
almost linear behaviour with a slope of 0.91, whereas the
biexciton line has a slope of 1.59 which is in agreement with
previous studies, ' however it deviates from the ideal coeffi-
cient of 2. This deviation can possibly be explained by the
presence of non-radiative relaxation channels, such as
defects in the vicinity of the QD, which are induced by the
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FIG. 1. (a) Panchromatic CL intensity image of site-controlled QDs with a
pitch of 1.25 um, revealing the excellent long-range ordering and high yield
of optically active emitters.

Appl. Phys. Lett. 103, 191113 (2013)

3
s
>
b=
7}
c
[7)
-
£
-
o
1.880 1.881 1.882 1.883 1.884 1.885
Energy (eV)
(b) 3 3" |
L) r@ X I 0.91 o o 9O
r XX ~
E, | o X Laser o 8 o o
2 )
[
1r 1.59 E
..; Laser
[
-
©
o
g 1 1
g 1 10

Excitation power (UW)

FIG. 2. (a) uPL spectrum of a single X-XX pair at two different angles of
the polarizer showing H and V polarization. (b) Integrated intensities of the
emission features as a function of the excitation power.

pre-patterning process. However, due to the deviation from
the ideal power-law coefficients, the assignment of exciton
and biexciton is not completely free of ambiguities.
Interestingly, no clear spectral signatures of charged exciton
complexes were found for the investigated QDs.

To further investigate the optical properties of the QDs,
we have performed polarization dependent measurements: A
linear polarizer in combination with a quarter-waveplate was
used to select a specific polarization. The resulting QD spec-
trum at arbitrary polarizer position averages the two contri-
butions with the polarization angle, and the peak energy
oscillates between the extreme values of purely H and V
polarized light (which represents the fine structure splitting).
Fig. 2(a) depicts two selected, polarization resolved spectra
where for a polarizer angle of 0° only the H-mode and for
90° the V-mode is detectable, respectively. The dashed lines
indicate the extracted fine structure splitting of ~235 ueV.

Fig. 3(a) depicts the integrated intensity of the QD emis-
sion shown in Fig. 2(a) over the position of the linear polar-
izer. Both the exciton and the biexciton exhibit a surprisingly
pronounced linear polarization, with the orthogonal polariza-
tion being suppressed by more than two orders of magnitude.
The degree of polarization of the exciton is Py = ﬁ
= 0.982 and Pxx = 0.985 for the biexciton for this particular
QD, and as large as 0.94 on average on our sample, which is
much larger than the observed values for self-assembled
QDs'®'® in this material system. We anticipate that the
observed strong optical anisotropy arises from the anisotropy
in the microscopic structure of the SCQDs, similar to reports
on self-assembled InP QDs.!® The Gags;Ing4oP-matrix
also shows a high degree of polarization which is attributed
to a lateral composition modulation of Ga and In. Similar
crystal ordering effects, enhanced, e.g., by an imperfect
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lattice matching to GaAs, could cause this peculiar behavior.
The polarization dependent measurements also allow for
investigations of the fine structure splitting between both
polarization axes.

Since the brighter mode, which is polarized along the
[0,—1,1] axis, dominates the yuPL-spectrum, the [0,1,1] polar-
ized mode can only be detected when the brighter mode is fully
suppressed. This can clearly be seen when comparing the spec-
tra taken at a polarizer angle of 0° and 90° in Fig. 2(a). Only
for angles from 80° to 100° the contribution of the weaker
mode is observable at all. This explains the peculiar behavior
in Fig. 3(b) where the fitted emission energies for the two
QD-emission lines are plotted with respect to the angle of the
linear polarizer. Both curves are opposite in phase and thus
strengthen our assignment of exciton and biexciton emissions
from the same QD. The evaluation of the curve results in a fine
structure splitting (FSS) of the exciton AEx = (232 £5) ueV
and the biexciton AExy = (237 = 5) peV, which gives in total
AEpgs = (234.5 £3.5) ueV. The biexciton binding energy
amounts to AE = 4.15meV, which is comparable to values
measured for InAs/GaAs QDs.*?

For a statistical analysis, polarization resolved upPL
measurements were carried out on 66 QDs. All QDs under
investigation exhibited the same direction of linear polariza-
tion along the [0,—1,1] axis, which again indicates that the
crystal structure itself causes this high degree of optical
polarization. The extracted values for the fine structure split-
ting are shown in Fig. 3(c). The average extracted FSS
amounts to AEggs mean = 300 peV and is comparable to split-
tings measured by Sugisaki er al.'® It is worth mentioning
that the strong linear polarization of the QDs in combination

500 600

with the QD’s linewidth of 180-600 peV set a limit the accu-
rately extractable splitting. In fact, the error of the extracted
value for the FSS significantly increases above 10% once the
value of the splitting becomes smaller than 90 ueV, if we
take the strongly polarized emission of our QD lines into
account. We suggest that such large values for the FSS origi-
nate from a highly anisotropic QD shape, breaking the sys-
tems D,p symmetry. Since structural investigations on
uncapped QDs have revealed symmetric QD shapes,'* we
suggest that a shape transition of the QD takes place during
the capping procedure.
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FIG. 4. (a) Photon auto-correlation measurement of the exciton, (b) the

biexciton, and (c) cross-correlation of the X-XX emission.
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In order to assess the non-classical emission character of
the photons from our QD, we performed photon autocorrela-
tion measurements of both the excitonic and the biexcitonic
emissions feature using a fiber coupled Hanbury Brown and
Twiss configuration. The corresponding second order auto-
correlation functions g(z)(‘c) shown in Figs. 4(a) and 4(b) for
the exciton and the biexciton reveal strong antibunching as
expected from a non-classical light emitter. In particular,
photon emission with a low probability of multi-photon
events is reflected by the observed value of g(z)(O)X, decony. fit
=0.08 (g(z)(O)X, conv.fit=0.37) for the exciton emission,
when taking the temporal resolution of the setup of ~400 ps
into account. Hereby g(z)(O)Com,_flt corresponds to the
g?(0)-value extracted by fitting the data points with an ex-
ponential decay convoluted with a Gaussian detector
response function (FWHM 400 ps). Due to a higher back-
ground affecting the biexciton emission, this emission line
shows a slightly weaker suppression of multiphoton-events
leading to a deconvoluted g(z)(O)—Value of g(z)(O)XX, deconyv. fit
=0.49 (2”(0)x. conv. i = 0.76).

Moreover, in order to give a clear evidence of the cas-
caded nature of the emission events, we performed cross-
correlation measurements on the exciton and the biexciton
emissions. Two monochromators were used for a spectral fil-
tering of the individual emission lines. The second-order
cross-correlation function g(2)(r)X_XX is shown in Fig. 4(c)
taken at a Power of 9.4 uW, i.e., when exciton and biexciton
have comparable intensity (cf. Fig. 2(b)). Here the emission
of the biexciton acts as the starting signal of the measure-
ment, whereby the exciton emission triggers the stop ava-
lance photodiode. The asymmetric anti-bunching (for 7 < 0)
and bunching (t > 0) behavior demonstrates the cascaded
emission with a minimum value of gglxx ~ 0.61 and a max-
imum of gglxx ~ 1.41, respectively.

In conclusion, we have demonstrated the capability of
site-controlled InP QDs to brightly emit red, single photons
and cascaded photons from the exciton-biexciton cascade.
The strong linear polarization of these QDs makes them very
appealing for single photon applications in quantum commu-
nication systems. In order to exploit our QD system for the
generation of polarization entangled photon pairs from the
biexciton-exciton cascade, we suggest to apply further tuning
techniques such as external strain and electric fields.”?
Furthermore, we anticipate that similar techniques as
deployed by Juska er al.** can be applied to realize periodic
arrays of red emitting QDs with vanishing fine structure
splitting, taking advantage of substrate orientations of higher
symmetries.
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