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Abstract InAs quantum dots grown on a GaAs substrate
have been one of the most successful semiconductor mate-
rial systems to demonstrate single-photon-based quantum
optical phenomena. In this context, we present the feasi-
bility to extend the low-temperature photoluminescence
emission range of In(Ga)As/GaAs quantum dots grown by
metal-organic vapor-phase epitaxy from the typical window
between 880 and 960 nm to wavelengths above 1.3 pm. A
low quantum dot density can be obtained throughout this
range, enabling the demonstration of single- and cascaded
photon emission. We further analyze polarization-resolved
micro-photoluminescence from a large number of individ-
ual quantum dots with respect to anisotropy and size of the
underlying fine-structure splittings in the emission spec-
tra. For samples with elevated emission wavelengths, we
observe an increasing tendency of the emitted photons to
be polarized along the main crystal axes.

1 Introduction

Benefitting from a wide range of available materials, semicon-
ductor quantum dots (QDs) are generally considered flexible
nanostructures with the possibility to tailor their optical prop-
erties according to the application requirements [1]. Among
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other material systems InAs/GaAs QDs have been most
intensely studied and employed for the demonstration of many
quantum optical applications in a solid-state environment.
Such are, e.g., the emission of single photons [2], two-photon
interference [3], the creation of cascaded [4] and entangled
photons [5-8] and the entanglement of QD spins with photons
[9, 10]. While most of the research has been carried out with
QDs emitting from 880 to 960 nm, owing to the GaAs-based
growth and the availability of efficient single-photon detectors,
the recent years have shown growing attention to the wave-
length range above 1 wm. This spectral domain supports the
combination of QD single photons with silicon photonic cir-
cuits [11] and enables low-loss transmission through optical
glass fibers [12]. While InAs/GaAs QDs fabricated by molec-
ular beam epitaxy have been able to reproduce many excel-
lent results at emission wavelengths above 1 pm [13-16], the
efforts with QDs grown by metal-organic vapor-phase epi-
taxy (MOVPE) have been quite limited in numbers [17-19],
being restricted in most cases to semiconductor laser-related
research. In this study, we demonstrate the feasibility to shift
the emission wavelength of MOVPE-grown In(Ga)As QDs
from 1.0 to 1.3 wm while maintaining low QD densities. We
confirm that the QDs remain excellent single-photon emitters
with the possibility to create cascaded photon pairs. We further
observe that the fine-structure splittings (FSS) in the QD emis-
sion spectra remain reasonably small over the whole wave-
length range and the polarization of the fine-structure compo-
nents tends to predominantly align along the main crystal axes
for the samples with elevated emission wavelengths.

2 Sample design

Basically, three knobs can be efficiently used to adjust
the confining potential of a QD: size, strain and material
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composition. In the context of QD-based semiconductor
lasers, many concepts have been introduced to manipulate
these properties to lower the emission energy of InAs QDs.
Such are, e.g., embedding the QDs in an InGaAs quantum
well (dot-in-a-well structures) [20], growth on InP sub-
strates [21] or InGaAs metamorphic buffers [22]. In this
study, we employ two concepts: (1) We cover the QDs
with a thin In-rich InGaAs layer. (2) We deposit InGaAs
as QD material. The InGaAs cover layer results, first, in
an effective enlargement of the buried QDs and, second,
in the reduction in strain between QDs and the GaAs cap
[23] (and is therefore referred to as strain-reducing layer,
SRL). Further, the reduced lattice mismatch between QDs
and substrate due to the specific alloying of InAs with addi-
tional Ga during the QD growth leads for the presented
samples to the formation of larger, and less strained QDs
with a reduced ground-state energy, obviously dominating
over the increased band gap energy, as expected from bulk
InGaAs.

The structures are fabricated in a standard horizontal-
flow reactor at a pressure of 100 mbar. The QD material of
each sample is deposited on a GaAs surface at a tempera-
ture of 530 °C. Samples A and B contain InAs QDs with-
out additional Ga. However, an intermixing of In and Ga
atoms at the QD-GaAs interface during consecutive growth
steps at 610 °C cannot be avoided. The QDs of samples C
and D comprise of InGaAs with a nominally equal number
of In and Ga atoms. Due to different incorporation rates—
depending, among others, on the local strain situation—the
In content in the QDs exhibits a gradient, increasing from
bottom to top [23]. The amount of deposited monolayers
and the V/III ratio are adjusted to obtain low lateral QD
densities: For InAs QDs, this is usually obtained by depos-
iting two monolayers, while for InGaAs QDs the amount of
deposited material has to be increased by a factor of 3—4.
The QDs of samples B, C and D are covered with a 4-nm-
thick InGaAs SRL with an In content of 0.13, 0.13 and
0.16, respectively. A scheme of the basic structures used in
this work is shown in Fig. la. For each sample, an Al(Ga)
As/GaAs distributed Bragg reflector (DBR) is applied as
bottom mirror, thus enhancing the photon collection effi-
ciency. Sample A comprises an additional top-DBR form-
ing a planar micro-cavity adjusted to the emission wave-
length of the QD ensemble.

A profile of an InGaAs QD, as employed in samples
C and D, has been obtained by atomic force microscopy
(AFM) from an uncapped sample and is shown in Fig. 1b.
With a mean diameter of 40 nm and a height of about
9 nm, the InGaAs QDs tend to be higher than their conven-
tional MOVPE-grown InAs counterparts [23, 24], though
it should be pointed out that subsequent overgrowth of the
QD layer may have dissimilar effects on pure InAs and
InGaAs alloyed QDs.
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Fig. 1 a Sketches of the four sample variations: InAs QDs (A), InAs
QDs with SRL (B) and InGaAs QDs with SRL (C, D). Samples C
and D differ in the SRL In concentration. b AFM height profile of a
single InGaAs QD
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Fig. 2 a Quasi-ensemble spectra of samples A to D obtained from a
50 pm x 50 um scanning area. PL is detected over a 160 nm spec-
tral range indicated by the gray shading. For sample A, the width of
the PL from the QD ensemble is governed by the planar microcavity
structure. b PL intensity maps of the respective scanning areas. The
color scale corresponds to the maximum emission intensity within
the same spectral range as given in a

3 Micro-photoluminescence

For the analysis of the QD micro-photoluminescence (i
-PL), the samples were mounted in a scanning confocal
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Fig. 3 p-PL spectra of single QDs and WL of samples B to D. The
gray overlay shown for sample D corresponds to a higher excitation
power which gives indication for PL emission from the QD p-shell

microscope (NA = 0.6) and cooled to 5 K in a liquid-helium
flow cryostat. A HeNe laser was used for non-resonant
excitation via the GaAs barrier material. The emitted
QD photons were analyzed with a 0.5 m monochromator
equipped with an InGaAs CCD sensitive to wavelengths
from 0.9 to 1.6 wm.

The impact of the different sample designs manifests
by means of pu-PL scans of the QD ensembles, as shown
in Fig. 2a. For each sample, a “quasi’-ensemble spectrum
is obtained by adding up noise-reduced p-PL spectra from
all individual QDs within a 50 pm x 50 pm scanning area.
Red-shifted PL is observed, as expected, for sample varia-
tions B to D, with the larger and less strained InGaAs QDs
emitting more to the long-wavelength side than their “pure”
InAs counterparts. The influence of the SRL becomes
obvious comparing samples A and B, shifting the conven-
tional InAs QDs from 900 nm (GaAs-covered) to 1030 nm
(InGaAs-covered). This effect can be further enhanced by
increasing the SRL In content, as demonstrated by chang-
ing from sample C to D: here, the red-shift from 1.2 to
1.3 pm corresponds to In contents of 0.13 and 0.16,
respectively.

Figure 2b displays p-PL maps corresponding to each
quasi-ensemble spectrum given in Fig. 2a. In combination
with AFM measurements [25], we estimate the QD den-
sity to be below 108 cm™2 throughout the wavelength range
from 1.0 to 1.3 wm, reaching 107 and 10° cm™2 for samples
D and B, respectively.

p-PL measurements of a single dot on the sample are
shown in Fig. 3. For all samples, we observe emission from
a quantum well-like feature that we assign mainly to the

QD wetting layer (WL), since the spectral position is essen-
tially affected by the QD material (comparing samples B
and C) and only minor by the variation of the SRL In con-
tent (comparing samples C and D). Transmission electron
microscope measurements of similar samples further sug-
gest that the SRL does not form a coherent quantum well
as it is disrupted by the QDs and subjected to thickness
fluctuations [23]. Hence, we do not observe any additional
contribution to the PL emission of the WL.

The reduction in the QD ground-state energy results in
a large spectral gap between QD and WL (approx. 150-
250 meV), suggesting strong carrier confinement at low
temperatures. For the sample with the strongest confine-
ment, a higher excitation power reveals spectral features,
on average 52 meV above the QD ground state. We attrib-
ute this to the presence of a p-shell. A closer investigation
of the QD ground-state transition shows that the width of
the prominent QD lines is less than 95 peV for sample B
and less than 77 peV for samples C and D.

4 Single-photon and cascaded photon emission

One of the appealing properties of the samples under inves-
tigation lies in the perspective of the application as a tele-
com-wavelength source of non-classical light. We therefore
analyze the second-order autocorrelation function to verify
the single-photon nature of the emitted light. The setup we
utilize consists of a fiber-based Hanbury-Brown and Twiss
(HBT) interferometer with efficient photon detection at
wavelengths above 1.0 pwm obtained by superconducting
single-photon detectors (SSPDs). Figure 4a displays spec-
tra of three single QDs from samples B to D with emission
at 1.03, 1.2 and 1.3 pm, respectively. Coincidence histo-
grams of the photon arrival times of each QD exciton (X)
transition (Fig. 4b) show a clear antibunching at zero time
delay demonstrating pure single-photon emission from all
types of red-shifted QDs.

The second-order autocorrelation function g (r) = 1—
(1 — g)e~I*!/7a has been fitted to the experimental data .
Detector dark counts (25s~ ') and timing jitter (70 ps) of
the employed SSPDs were sufficiently small to omit any
corrections to the correlation data.

The PL intensities we observe from the brightest QD
lines of samples B to D are very similar and peak for trig-
gered photon emission at detector count rates of approxi-
mately 10 kHz at a 50 MHz excitation rate. Considering
the efficiency of the detection setup (1.55 %), the rate of
photons collected with the first lens reaches 0.65 MHz
corresponding to an extraction efficiency of 1.3 % from a
planar sample structure. However, we point out that due
to the non-resonant excitation process we simultaneously
observe multiple charge configurations of the QD in (time
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Fig. 4 Demonstration of single-photon and cascaded photon emis-
sion for samples B to D. a u-PL spectra with exciton (X) and biex-
citon (XX) transition lines. b Second-order autocorrelation measure-
ments for the exciton line. ¢ Intensity cross-correlation measurements

integrated) PL spectra. Thus, the observed count rate from
the exciton recombination may be lowered according to the
occupation probability of other charge states.

We further show that cascaded photon emission can be
observed from samples B to D, which is a prerequisite for
the generation of entangled photon pairs from a QD. Evi-
dence is found by feeding photons from different spectral
features into the detection channels of the HBT setup. A
radiative cascade from two states of a single quantum emit-
ter results in a pronounced elevation of coincidences close
to the characteristic anti-bunching dip, as shown by inten-
sity cross-correlation histograms in Fig. 4c. For all of the
displayed QDs, the biexciton (XX) photons triggered the
start event of the correlation. Pairs of exciton and biexci-
ton have been selected through power- and polarization-
resolved p-PL spectroscopy, filtering pairs of QD lines
with similar FSS and converse polarization axes of high-
and low-energetic components. The exciton and biexciton
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of biexciton (start) and exciton photons (stop). Inset Exciton and
biexciton decay times obtained by time-correlated single-photon
counting (TCSPC). d Polarization-dependent energy shifts of exciton
and biexciton emission lines

energy splittings are obtained through selecting a distinct
fine-structure component by polarization and carefully
fitting the pu-PL emission line [26], as shown in Fig. 4d.
The precision of this method is strongly dependent on the
background of an individual p-PL spectrum and otherwise
limited by the signal-to-noise ratio (SNR) of the complete
series. For the assigned exciton—biexciton pairs given in
Fig. 4 we find biexciton binding energies of 3.9, 3.5 and
2.2 meV (sample B to D) which match the energy range of
comparable MBE grown QDs [27, 28].

We determined exciton and biexciton lifetimes by
means of time-correlated single-photon counting statistics
(TCSPC) using a pulsed laser (foex = 50 MHz) for non-res-
onant excitation at 650 nm. The decay rates for the exci-
ton approximately double the rates of the biexciton (see
insets Fig. 4). On average, sample D exhibits comparatively
fast exciton life times (~ 550 ps), while samples B and C
(~ 960, ~ 1050 ps) agree very well with In(Ga)As QDs
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Fig. 5 Polarization-resolved p-PL studies. Every data point refers to
a single spectral line. The color density relates to the SNR of the cor-
responding data set. a FSS as a function of the polarization orienta-
tion of the high-energy component of the split doublet. b Degree of
linear polarization (DOP) over the polarization angle

emitting below 1 pm. Whether the origin of the reduced
lifetimes relates to an enhanced oscillator strength or to the
presence of non-radiative decay channels requires further
extensive investigation.

5 Polarization anisotropy

As the generation of polarization-entangled photon pairs
via the biexciton—exciton cascade greatly benefits from
QDs with low or zero FSS, we analyzed the polarization-
resolved u-PL from a large number of QDs in the same
way as described with respect to Fig. 4d. For the analy-
sis, all spectral lines observable from each non-resonantly
excited QD spectrum have been considered, thus involving
also trions with zero splittings and states with larger FSS
as, e.g., excited trions or charged biexcitons. Figure 5a
shows all extracted splittings as a function of the polariza-
tion axis of the high-energetic component. We find that the
QDs show an increasing tendency to align along the [011]
and [011] crystal axes from sample B to D. A similar trend

is observed for the anisotropy of the PL intensity, exhib-
iting a clear maximum along the [011] axis, as shown in
Fig. 5b. Although this suggests an increased elliptical shape
of long-wavelength QDs, we cannot verify this by AFM
measurements.

Despite large variations of FSS from zero to 200 peV,
we find a more or less homogenous distribution of splittings
down to a few eV, indicating the QDs are suitable for post-
growth FSS tuning techniques as demonstrated, e.g., in Ref.
[29], by combining mechanical strain and an electrical field.
Moreover, the pronounced alignment along the crystal axes,
as observed for sample D, should be beneficial for even sim-
pler techniques [30] based on uniaxial strain only.

6 Conclusion

In summary, we have demonstrated that MOVPE-grown
In(Ga)As/GaAs QDs can be tailored to emission wave-
lengths ranging from 1.0 to 1.3 pwm without strongly vary-
ing properties from conventional In(Ga)As QDs. A low QD
density allowed the verification of single-photon and cas-
caded photon emission from the biexciton—exciton cascade
for all red-shifted QD samples. With the addition of further
post-growth FSS tuning techniques, we consider these QDs
to be promising candidates for future telecom sources of
entangled photon pairs.
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