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Wyspiańskiego 27, 50-370 Wrocław, Poland
2
Institute of Theoretical Physics, Wrocław University of Science and Technology, Wybrzeże Wyspiańskiego 27,
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Tuning GaAs-based quantum emitters to telecom wavelengths makes it possible to use existing mature
technology for applications in, e.g., long-haul ultrasecure communication in fiber networks. A promis-
ing method redeveloped recently is to use a metamorphic (In, Ga)As buffer that redshifts the emission
by reducing strain. However, the impact of such a buffer also causes the simultaneous modification of
other quantum dot (QD) properties. Knowledge of these effects is crucial for actual implementations of
QD-based nonclassical light sources for quantum communication schemes. Here, we thoroughly study
single GaAs-based quantum dots grown by molecular-beam epitaxy on specially designed, digital-alloy
(In, Ga)As metamorphic buffers. With a set of structures varying in the buffer indium content and provid-
ing quantum dot emission through the telecom spectral range up to 1.6 μm, we analyze the impact of the
buffer and its composition on QD structural and optical properties. We identify the mechanisms of quan-
tum dot emission shifts with varying buffer compositions. We also look at charge-trapping processes and
compare excitonic properties for different growth conditions with single-dot emission successfully shifted
to both the second and third telecom windows.

DOI: 10.1103/PhysRevApplied.20.044009

I. INTRODUCTION

Nonclassical emitters based on semiconductor quan-
tum dots (QDs) fabricated in epitaxial technology have
been demonstrated as promising candidates for fundamen-
tal components of many nanophotonic devices, includ-
ing lasers [1–3], optical amplifiers [4,5], and broadband
sources [6–8]. Especially in quantum information process-
ing, QDs are also proven to be efficient single-photon
sources (SPSs) to realize ultrasecure quantum commu-
nication [9–12]. As perhaps the most crucial property
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of QD-based structures, emission in the range of highly
transmissive second and third telecom windows [9,11,
12] has been demonstrated, enabling integration with the
existing silica-based optical-fiber infrastructure for the
implementation of long-haul telecommunication. More-
over, on-demand QD-based high-purity emission of single,
and optionally indistinguishable, photons and the gener-
ation of polarization-entangled photon pairs have been
shown [13]. Furthermore, many crucial milestones for
applying QD devices in secure quantum information tech-
nology have been achieved. These include demonstrat-
ing advanced nanophotonic devices with high efficiency
of single-photon emission [10,14–16], operation at ele-
vated temperatures [12,17,18], integration with a silicon
platform [19], and the deterministic fabrication of QD
structures [14].
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The selection of the material system and control of
the QD parameters through band-structure engineering,
including mismatch of material lattice constants and the
resulting strain field, allows the emission energy to be
controlled and adjusted to the selected spectral range, par-
ticularly second and third telecom windows [20]. The
first choice of materials for telecom windows would be
InAs QDs grown on InP substrate. They have already
been demonstrated as SPSs in this range [11,12,15,21–28],
with several implementations of efficient single-photon
emitters, additionally generating indistinguishable pho-
tons [29–31] and entangled photon pairs (also at elevated
temperatures) [27,32,33], and the realization of quantum
teleportation [29,33].

InAs/GaAs QDs typically emit below 1200 nm [9,20],
and their tuning to the telecom range is more demanding,
mainly due to a significantly larger lattice mismatch and
built-in strain. But the technology itself has advantages
over the InP-based one: it is more mature in some aspects
and allows highly reflective distributed Bragg reflectors
(DBRs) to be grown; this is more challenging on InP
substrates due to lower refractive-index contrast of the
lattice-matched semiconductors. Several approaches allow
the telecom spectral range to be achieved with GaAs-
based structures, like confinement and strain engineering
[34–36], modification of the QD composition or QD size
increase [37–39], or growing the dots on a metamor-
phic buffer layer (MBL) made of (In, Ga)As [20,40–45].
However, so far, only the last of these has led to the demon-
stration of single-photon emission in the third telecom
window, which is characterized by the lowest signal atten-
uation in the fibers [20,41,46]. This solution is promising
for applications and allows for easy fabrication of QD
emitters inside photonic structures [47,48] and integration
with GaAs-based DBRs [20]. In that context, major mile-
stones concern the MOVPE-grown QD systems: emission
of polarization-entangled photon pairs [49,50] and indis-
tinguishable photons (also with resonant excitation and in
on-demand mode) [51–53], and the implementation of a
high-performance photonic structure based on a circular
Bragg grating [47,53]. Furthermore, piezo tuning of QD
emission energy [54,55] and QD-based coherent control
of spin qubits [56] have also been shown. In contrast, for
MBE-grown systems, only emission energy shifts towards
the telecom range for both laser structures [42,57] and
single-QD structures [40,43,45,46,58] have been reported.
Therefore, this work attempts to fill this gap by perform-
ing a systematic and comprehensive study, because there
is still very limited knowledge of the single-dot proper-
ties of such GaAs-based telecom-wavelength QDs grown
by MBE on an MBL, especially in the wide range of
emission energies. Since the QDs grown by MBE can
significantly differ from their MOVPE counterparts, they
should be carefully investigated to fully verify their poten-
tial as nonclassical radiation sources at the telecom range

and exploring them promises to overcome at least some of
the limitations encountered and reported for MBL-based
QDs grown by MOVPE.

The implementation of efficient SPSs for real applica-
tions in secure quantum communication has a few require-
ments, e.g., high source efficiency, high generation rate
and purity of single-photon emission, long coherence of
emission, and operation around room temperature (or a
simple cooling method). A significant part of these require-
ments are directly related to single-QD properties [9].
Growing QDs on an MBL, besides the emission-energy
change, enables the modification of other application-
relevant properties, such as emission polarization, carrier
lifetimes and carrier-loss processes, the structure of con-
fined states, and the properties of excitonic complexes like
binding energy and fine-structure splitting (FSS). Modify-
ing the strain conditions during growth may change the
structural QD parameters (size and indium content) [37]
and can also influence the charge environment around the
QDs [51], thus affecting all the QD optical properties.

Here, we analyze the structural and optical properties
of single (In, Ga)As QDs for several structures with vari-
able indium content in the MBL, resulting in emission
wavelengths from 1.1 to 1.6 μm. We use a combination of
several complementary spectroscopic techniques, atomic
force microscopy (AFM), scanning electron microscopy
(SEM), and high-angle annular-dark-field scanning trans-
mission electron microscopy (HAADF STEM), all sup-
ported by calculations within the eight-band k·p the-
ory to confront the electronic structure with the QD’s
structural and optical properties, including charge envi-
ronment and carrier escape paths. We trace all the QD
optical parameters for different MBL compositions, indi-
cating the importance of the MBL’s influence on QD
properties going beyond the simple emission-energy shift.
We show that tuning the emission towards the telecom
range with increasing MBL In concentration is accom-
panied by a slight increase of the photoluminescence
(PL) linewidth and almost MBL-composition-independent
polarization anisotropy of emission. Additionally, we find
a slight increase of FSS and a mostly constant value of
biexciton binding energy as a function of emission energy.
Moreover, we observe changes to the charge environ-
ment and their influence on emission properties and PL
decay dynamics. Eventually, we show good single-photon
emission characteristics in the second and third telecom
windows, regardless of the emission shift.

II. METHODS AND MATERIALS

AFM measurements were performed using a commer-
cial Anfatach Level AFM device, offering a spatial resolu-
tion of about 2 nm (in plane) and a scanning resolution
of about 0.2 nm. An intermittent sample-contact mode
was used with a cantilever having a resonance frequency
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of about 210 kHz. For SEM, a Hitachi S5000 HRSEM
microscope was used, offering electron-beam accelera-
tion of up to 30 kV. Detection of secondary electrons
allowed for surface-topography measurements with a max-
imum resolution of 0.6 nm. Measurements of buried QDs
were carried out using HAADF-STEM imaging based
on the signals of elastically scattered electrons in the
high-angle collection range of 79.5–200 mrad, ensuring
the observation of atomic (∼Z2) contrast in the studied
structures. The S/TEM TITAN cube G2 80-300 micro-
scope by Thermo Fisher Scientific was used, equipped
with a high-brightness-field emission gun electron source
and double-Cs correctors to ensure a spatial resolution of
about 70 pm, and operated with an accelerating voltage of
300 kV. Moreover, the super-X four-detector x-ray energy-
dispersive spectrometer on it allowed us to characterize the
composition of the sample. Samples for STEM character-
ization were prepared using the focused-ion-beam method
(employing FEI SEM/XE-PFIB and FEI SEM/GA-FIB
microscopes).

Photoluminescence measurements were performed
using a standard experimental setup, offering a high-
spatial-resolution option based on a microscopic objective
(NA = 0.4) focusing the excitation laser and collecting
the PL signal with a spatial resolution below 2 μm. A
liquid-helium continuous-flow cryostat was used to obtain
low temperatures (down to about 5 K) to reduce ther-
mally activated carrier losses and the influence of acoustic
phonons on spectral line broadening. It also allowed for
temperature-dependent studies. Nonresonant continuous-
wave (cw) excitation of the sample was performed with
a 640-nm laser line. For quasiresonant excitation and PL
excitation (PLE) measurements, a tunable cw laser with a
special setup for laser-line filtering was used [59]. Detec-
tion based on a 1-m-focal-length spectrometer coupled to
a liquid-nitrogen-cooled (In, Ga)As linear array detector
with an effective spectral resolution of 20 μeV was used
for both PL and PLE. Time-resolved photoluminescence
(TRPL) characterization and photon statistics measure-
ments using Hanbury Brown and Twiss configurations
in time-correlated single-photon-counting mode were also
performed. For this, a 0.32-m-focal-length monochroma-
tor for spectral filtering with detection by fiber-coupled
NbN superconducting nanowire single-photon detectors,
connected to a multichannel picosecond event timer with
an overall temporal resolution of the experimental setup
of about 80 ps, were used. For pulsed excitation in TRPL,
an 805-nm semiconductor diode laser with a pulse-train
control possibility (2.5–80 MHz) and approximately 50-
ps-long pulses was employed.

Theoretical QD modeling was performed based on
available structural data. Initially, a lens-shaped geome-
try with a height of 5 nm and a base diameter of 40 nm,
placed on a 1.2-nm-thick wetting layer, was assumed. A
slight 20% in-plane asymmetry was introduced so that the

model was not overly idealized. Initially, a homogeneous
material composition was assumed in a QD. Then, Gaus-
sian averaging (σ = 0.9 nm) of the material distribution
was performed to simulate the unavoidable interdiffusion
of atoms at interfaces. There were no premises in the struc-
tural data for a significant and systematic QD geometry
change between the samples. Therefore, constant geom-
etry was kept, and only modification of the composition
of the MBL and QDs between the modeled structures was
considered. For the dots modeled this way, the strain field
within the continuum elasticity theory and the shear-strain-
induced piezoelectric field up to the second order in the
strain-tensor elements were calculated. The eigenstates of
electrons and holes were calculated using an implementa-
tion [60] of the k·p method [61] that included the effects
of strain, piezoelectric field, and spin-orbit coupling. The
explicit form of the Hamiltonian used can be found in
Ref. [62], and the material parameters are given in Ref.
[63] and references therein. Then, states of excitons and
higher-order carrier complexes were calculated within the
configuration-interaction method with the basis of 32 elec-
tron and 32 hole single-particle states. Finally, the optical
transition dipole moment and the resulting emission polar-
ization and recombination times [64] were calculated in the
dipole approximation [65].

The investigated structures were grown by MBE on
GaAs (001) substrate starting with a GaAs buffer layer.
Then, a graded-composition (In, Ga)As MBL was grown
with different maximal indium contents in the top part to
obtain the QD emission redshift. On top of the MBL, InAs
material was deposited to form QDs. In the final step, QDs
were capped with an (In, Ga)As layer. Due to natural atom-
diffusion processes, the obtained QDs are effectively com-
posed of (In, Ga)As. Figure 1(a) presents a layer-structure
scheme of the investigated samples, whereas Table I lists
all the studied structures, differing in the MBL composition
and thickness. More insight into the sample growth can
be found in Ref. [40] for structures with indium contents
in the top part of the MBL of 0.15, 0.20, 0.24, and 0.29,
and in Ref. [46] for the structure with 0.38 indium con-
tent. For the In-38% structure, five additional GaAs/AlAs
DBR pairs were grown. On top of each structure, a refer-
ence (optically inactive) QD layer was grown for structural
characterization. For systematic and repeatable character-
ization of single-QD emission, a combination of electron-
beam lithography and wet etching was performed to obtain
cylindrically shaped mesas for all structures, except In-
38%. For the In-38% structure, circular apertures in a thin
silver layer deposited on the sample surface were made,
offering similarly repeatable characterization without the
necessity for etching, taking advantage of the low spatial
(and hence, spectral) density of these QDs [46].

However, one needs to keep in mind that uncapped
QDs can differ from buried dots, even significantly [66].
It is known that capping can impact material intermixing,
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FIG. 1. (a) Scheme of the
investigated structure with
(In, Ga)As QDs. (b) SEM image
of QDs for In-29% structure. (c)
AFM image of QDs for In-29%
structure. (d) Cross-section
HAADF-STEM image of a QD
with the In-29% structure. (e)
EDX line-scan characterization of
the In-29% structure.

additional material accumulation, and cause strain changes.
Therefore, the structural properties of the top-layer dots
give just an approximate insight into the morphology
and density. Nonetheless, one can perform less-demanding
characterization by AFM and SEM to get some informa-
tion. Figures 1(b) and 1(c) present examples of SEM and
AFM images of QDs for the In-29% structure. SEM-based
results show an average QD height of about 3 nm and a
diameter of about 25 nm. AFM characterization of the QD
shape shows only slight in-plane asymmetry with an aver-
age lateral aspect ratio (η) of about 1.2. High-resolution
STEM characterization allowed us to find parameters of
buried optically active QDs (width, height, and chemical
composition of the QDs and MBL material), which we
considered more realistic (but with some other limitations).
For the In-29% structure, an exemplary lens-shaped QD
cross section is presented in Fig. 1(d). Statistical analysis
of many QDs provides average QD parameters: about 5 nm
[(4.71 ± 0.25) nm] height (H ) and 40 nm [(37.2 ± 2.0) nm]
diameter (D). The values are higher than those obtained
from SEM characterization, showing the expected influ-
ence of the capping layer on the final QD dimensions
(and most likely composition). Due to the limitations of
the STEM lamellar fabrication accuracy (final QD cross-
section location) and the following analysis of images, it is
still possible that the size of QDs can be slightly underesti-
mated in this case, mainly for the QD height. The chemical
composition distribution inside the dot is also essential,
especially for indium with a tendency to segregate, and can
significantly modify the QD optical properties. The EDX

TABLE I. Indium content and measured thickness of the MBL.

Sample
In content at the top of the

MBL (%)
MBL thickness

(nm)

In-15% 15 780
In-20% 20 960
In-24% 24 1140
In-29% 29 1140
In-38% 38 1200

spectroscopy characterization accuracy of such a small QD
composition is inherently limited. Thus, the indium con-
tent inside QDs was obtained by comparing the emission
energy with our simulation. However, EDX characteriza-
tion shows that the indium composition of the MBL and
the capping layer (about 2/3 of the top MBL value) is
consistent with the optically measured values. Figure 1(e)
shows a line scan of the electron beam parallel to the
growth direction and crossing the QD layer for the In-29%
structure.

III. RESULTS AND DISCUSSION

A. MBL impact on the emission properties of
(In, Ga)As QDs

The composition of the top part of the MBL directly
impacts the QD emission energy, shifting it to the second
(In-29% structure) and third telecom windows (In-38%
structure), as shown in Fig. 2(a) from the low-temperature
PL spectra for the QD ensemble. This results from the
reduced lattice mismatch between the MBL and InAs
QD layer, and thus, decreased compressive strain in QDs
compared to the pure InAs/GaAs system. Strain reduc-
tion directly shifts the QD energy levels. It can also lead
to the growth of larger QDs. Both these effects have a
direct influence on the emission energy. Another factor
directly influencing the confined-state energies is the com-
position of quantum dots. The increased indium content at
the top of the MBL (located directly underneath the QD
layer) can favor a higher concentration of indium inside
the dots, which also shifts the emission to longer wave-
lengths. Based on STEM characterization [see Fig. 1(d) for
the In-29% structure; it is similar for other samples but not
shown here], the average size of QDs does not change sig-
nificantly when the composition of the MBL is changed,
emphasizing the importance of indium-content modifica-
tion. These observations are consistent with the results
of our theoretical calculations, confirming strain modifi-
cation (driven by the MBL-composition changes) and the
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FIG. 2. (a) Normalized PL spectra for the QD ensemble for structures from 15% to 38% indium content in the top part of the
MBL (temperature, 10 K; excitation wavelength, 532 nm; cw; multipliers with respect to PL intensity of the In-15% sample) with
overlaid single-QD emission lines in the range of second and third telecom windows (temperature, 5 K; excitation wavelength,
640 nm; cw). (b) Calculated QD emission energies as a function of MBL indium content (xMBL) for varying QD indium contents
(xQD = 0.5, 0.6, 0.7, 0.8, 1.0) and optically measured emission energies for the investigated structures. (c) Results including QD indium
content changes (from 0.50 to 0.65) for two QD geometries: H = 5 nm, D = 40 nm, and H = 6 nm, D = 30 nm (solid black and dashed
red lines, respectively).

indium content inside the QDs as factors that shift the QD
emission energy.

Figure 2(b) shows the calculated exciton ground-state
energies (lines) together with energies of the PL maxima
for the ensemble of dots from Fig. 2(a) (filled symbols)
of the examined structures as a function of the In content
in the MBL (xMBL). Each line corresponds to changing
xMBL only with a fixed geometry and In content inside
a QD (xQD). The line for xQD = 0.5 corresponds very
well with the first three experimental points. However, the
last two points (xMBL = 0.29 and 0.38) do not follow this
trend. We assume a higher xQD for xMBL > 0.25 to repro-
duce this result, with linearly varying xQD from xQD =
0.6 at xMBL = 0.3 − 0.7 at xMBL = 0.4 [see black line in
Fig. 2(c)]. The additional red line in Fig. 2(c) presents the
results obtained in analogous simulations but for a slightly
modified QD geometry: H = 6 nm, D = 30 nm, and xQD
slightly increased by 0.02 compared to the calculations
discussed before. The result almost coincides with the cal-
culations for the nominal values, showing the negligible
influence of the QD geometry. These modified dimensions
are within the uncertainty limits of determining the QD
geometry from structural data but are also justified due to
ensemble inhomogeneity. We observe a broadening of the
PL peaks of about 50–55 meV for structures In-15%, In-
20%, In-24%, and In-29% and approximately 25 meV for
In-38%, originating from the distribution of quantum dot
parameters (size or dot composition) within an ensemble
and typical for InAs QDs [39,67–69], with a possible addi-
tional contribution from spatial alloy fluctuations causing
local band-gap and strain changes [70].

Figure 2(a) also shows normalized single-QD emission
lines within the telecom windows, confirming the possibil-
ity of applying these structures in long-distance quantum
communication schemes in fiber networks. The possibil-
ity of observing individual QDs, even for structures with
the highest indium content in the MBL, confirms the good
optical quality of our structures. The ensemble emission
provides only averaged information about the dots. For
applications, especially in nanophotonics and nonclassical
light sources for quantum technologies, single QDs are of
particular interest. Thus, we focus here on single-QD prop-
erties. Figure 3(a) shows the recorded PL linewidths (full
width at half maximum, FWHM) for many studied single
QDs from samples with different MBL compositions. Error
bars in Fig. 3(a) and all subsequent figures correspond to
the standard deviation obtained from the fitting procedure.
Regardless of the emission energy, we observe relatively
large FWHM values significantly above 100 μeV, but
comparable to InAs/InP quantum dashes [18,71] and low-
strain QDs [72,73]. The linewidths are most likely related
to the local electric environment fluctuations (due to dis-
charging and recharging charge traps near QDs), resulting
in significant spectral diffusion, i.e., fast fluctuations of QD
emission energy broadening the time-integrated spectral
lines [74]. This suggests the existence of built-in charge
traps in the vicinity of the dots. The median FWHM value
changes from 170 μeV for 1.1-eV emission to 300 μeV at
0.8 eV, showing a slight dependence on the MBL com-
position and indicating an increase in the concentration
of defects in the vicinity of QDs with the MBL indium
content. Achieving linewidths significantly below 50 μeV,
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comparable to the best results obtained for InAs/GaAs
QDs [41,75–77], will require the number of defects near
QDs to be reduced by optimizing the growth parameters
and MBL composition gradient or by adjusting the com-
position of the capping layer [45,78]. It is also possible
that the interaction of the excitons confined in the dots
with charge traps is enhanced for structures with weaker
confinement potential, i.e., those with smaller composition
differences between the MBL and QDs, that is, high-In-
content samples emitting at longer wavelengths. For these,
larger in-plane elongation can be expected (see the discus-
sion in the subsection C), which can increase this cross
section even further. In addition, surface processing (for-
mation of mesas or aperture structures) can also contribute
to the spectral diffusion and inhomogeneous linewidth.
Both can provide additional charge traps: (i) for mesas,
due to the surface states on the mesa sidewalls, which are
in a direct vicinity of some of the dots; (ii) for metallic
masks, due to possible charge traps at the semiconductor-
metal interface, which, however, are separated from QDs
by the cap thickness. Therefore, the impact of mesas is usu-
ally a bit more pronounced, especially for smaller mesas
(which we have verified for another sample with QDs
on the MBL). Please note that we observed linewidths
above 70 μeV for all emission lines [Fig. 3(a)], indicat-
ing a significant degree of charge fluctuations with a trend
to increase for smaller emission energies, both regard-
less of the type of structure processing (metallic mask or
mesa). Thus, broadening must be at least partly (or even
predominantly) related to the quality of the MBL.

Polarization of the QD emission for light propagating
perpendicularly to the sample surface is mainly defined by
the QD in-plane asymmetry through the effects of light-
and heavy-hole states mixing and electron-hole exchange
interaction. The inequality of oscillator strengths for the
orthogonal in-plane axes results in some degree of lin-
ear polarization: � = (Imax − Imin)/(Imax + Imin) [79]. For
QDs with significantly decreased strain (like those studied
here), asymmetric growth along the [110] and [1−10] crys-
tallographic directions is often observed due to enhanced
sensitivity to the atomic steps, and hence, more anisotropic
diffusion during the growth of QDs, resulting in the
increased � values [79–82]. For our QDs on the MBL,
we observe similar median � values of 20%–30% for the
entire spectral range with a significant spread of values
(from near 0% to almost 90%). This is most likely due to
some degree of randomness in the orientation of elonga-
tion axes in the QD ensemble [79,83]. Figure 3(b) shows
the measured � values for all structures (using a stan-
dard fitting procedure [84]). The observed values of �

close to 100% can be related to QDs with a high contri-
bution of light-hole states. Increasing the indium content
in the MBL reduces the strain between the base mate-
rial and the QD layer, which can result in the formation
of QDs with increased asymmetry. However, the lack of

(a)

(b)

(c)
Π

 (%
)

Π
 (%

)

FIG. 3. (a) Linewidth of single-QD emission lines as a func-
tion of emission energy for investigated structures from 15% to
38% MBL indium content (marked range between the first and
third quartile; red dashed line is the median for individual sam-
ples). (b) � values for single-QD emission lines in a function
of emission energy for the investigated structures. (c) Calculated
� values as a function of MBL indium content for various QD
parameters: H = 5 nm, D = 40 nm (solid squares), H = 6 nm,
D = 30 nm (open squares) with different lateral aspect ratios.

significant � enhancement for longer wavelengths and our
subsequent results for excitonic complexes suggest no sub-
stantial changes in the asymmetry of the studied QDs.
Based on our calculations, even for QDs with only slight
asymmetry (η = 1.2), a significant mixing of hole states is
expected. This is partly due to reduced strain, and hence,
decreased splitting of the hole bands. Additionally, partic-
ularly for the hole, the reduction in indium-concentration
contrast between the top of the MBL and a QD makes
the binding potential significantly shallower, leading to
stronger wave-function leakage into the interface where
the heavy- and light-hole bands cross. This enhancement
of hole-subband mixing results in a � above 7% for a QD
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with H = 6 nm and D = 30 nm [see Fig. 3(c)]. The calcu-
lated � is lower (4%) for a flatter QD with H = 5 nm and
D = 40 nm. This result suggests that the former geome-
try is closer to the actual dimensions of the investigated
QDs. Let us recall that there were no significant differ-
ences in the emission energy between both QD geometries
[see Fig. 2(c)]. Enhancing the QD asymmetry can further
increase the � value up to 18% for structures with η = 2.0,
as shown in Fig. 3(c). Additionally, the strain in a QD can
be overestimated in theory, as it can be additionally relaxed
in an actual structure due to some defects located at the top
of the MBL. This could explain the underestimation of the
� in our modeling. Overall, the change in the QD emis-
sion energy, resulting from modifying the MBL indium
content, is not accompanied by a significant change in the
�. We attribute this result to the change in the indium con-
centration in the dots on In-rich MBLs partly restoring the
indium-composition contrast between the top of the MBL
and a QD, which tends to decrease for In-rich structures.

B. Quantum dot energy-level structure by
photoluminescence excitation

Next, we investigate the QD energy-level structure
using photoluminescence excitation spectroscopy. The
black line in Fig. 4(a) shows an exemplary emission spec-
trum for a QD emitting in the third telecom window
(In-38% structure). The PLE spectrum for the emission
marked with the red arrow is plotted in red. Positions of
PLE maxima provide insights into the structures of QD
excited states. We also observe agreement between the PL
and PLE spectra [green arrow in Fig. 4(a)], which usually

indicates that the same excited state is seen in both the
emission and absorptionlike experiments. Knowledge of
bright excited QD states enables quasiresonant excitation.
By pumping into an excited state, we avoid generating car-
riers in the barrier and the MBL, significantly decreasing
the probability of feeding charge-trap states. This should
decrease the PL linewidth for quasiresonant excitation
compared to nonresonantly excited PL. In Fig. 4(a), we
observe such a reduction in linewidth from 640 μeV for
nonresonant excitation to 460 μeV for quasiresonant exci-
tation (blue line) into one of the QD excited states with
an energy of 0.838 eV, as marked with the blue arrow in
Fig. 4(a).

The observed linewidth decrease is slight, but still the
emission line is relatively broad. It shows that the charge
traps expected in the MBL, which are bypassed, at least
partly, during the quasiresonant excitation, do not domi-
nate the observed QD linewidths. A lower than expected
reduction in PL linewidth may result from built-in excess
carriers in the structure (unintentional doping). Another
reason may be the formation of charge traps at energies
close to the QD emitting states, which are also fed dur-
ing quasiresonant excitation. For QDs emitting in the third
telecom window, we obtain a series of absorption max-
ima (energies given relative to the QD emission energy).
We show these in Fig. 4(b), where we observe a dense
structure of higher-energy states with the underlaid sim-
ulated levels (blue lines with intensities proportional to
the oscillator strength). The measurement range for the
excitation-emission energy difference is experimentally
limited due to the inability to suppress the excitation laser
line at small energy differences (below �E ≈ 15 meV)

(a) (b)

FWHM ~ (640 ± 35) μeV PLE

PL

FWHM ~ (460 ± 18) μeV

FIG. 4. (a) PL spectrum from a single QD for the In-38% structure for nonresonant excitation (black line). PLE spectrum (red line)
for the indicated emission line (red arrow). PL spectra (blue line) based on quasiresonant excitation at the indicated PLE resonance
(blue arrow). Observation of a signal for a higher QD state in both PL and PLE spectra (green arrow). (b) Relative energy of excited
QD states from single-dot PLE spectra with the underlaid simulated levels (blue lines with intensities proportional to the oscillator
strength).
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from the emission line. Both experiments and simulations
show a similarly dense structure of bright excited states.
A dense ladder of excited states is expected in QDs grown
in lower-strain conditions provided by the In-rich MBL,
making the confinement weaker and the dots relatively
large. It also agrees with the observed limited narrowing
of the QD emission line for quasiresonant excitation. In
the investigated dots, we still excite much higher excited
states than in typical InAs/GaAs QDs where the energy
ladder is sparser.

C. Excitonic complexes

As the QD emission is directly defined by the excitonic
complexes it confines, we look in more detail at their prop-
erties. We characterize exciton and biexciton complexes in
all investigated structures with high-spatial-resolution PL
measurements. Figure 5(a) shows exemplary spectra of the
excitation-power dependence of exciton (X ) and biexciton
(XX ) radiative recombination in a single QD emitting in
the third telecom window (structure In-38%). We identify
the emission lines based on their power-dependent intensi-
ties, which are linear for the exciton and almost quadratic
for the biexciton [Fig. 5(b)] [85]. Additionally, we confirm
their origin in the antiphase dependence of the energy posi-
tion as a function of the linear polarization angle [Fig. 5(c)]
[86].

By fitting to the low-excitation-power part of the depen-
dences, we find exponents of 1.01 ± 0.04 for the exciton
and 1.68 ± 0.11 for the biexciton. We find no clear depen-
dence between the exponents and emission energy based
on all investigated X -XX pairs. The average exponent for
X is 0.948 ± 0.031 and 1.755 ± 0.050 for XX. Their ratio

is about 1.85, i.e., it does not reach the typical value of 2
expected for QDs in the strong-confinement regime [85],
suggesting an intermediate-confinement regime, which is
expected given the dense ladder of hole states with level
separations lower than the electron-hole Coulomb interac-
tion of about 15 meV.

The biexciton binding energy, determined from the
energy separation between the X and XX lines, for the
discussed pair is about 2.2 meV. Figure 6(a) shows the
values of the biexciton binding energy for all examined
X -XX pairs. We observe a slight change with the emission
energy (reduction of the binding energy for longer wave-
lengths). The range of values within a QD ensemble is
relatively broad (over 1.5 meV in the most-dispersed case),
whereas the changes between different structures are less
pronounced. This confirms the very weak dependence of
XX binding energy on the MBL composition. The obtained
XX binding energies, ranging from 1.06 to 2.94 meV, are
comparable to those for standard GaAs-based QDs [87,88]
and those grown on the MBL by other groups [37,89]. We
compare the experimental values with simulations for QDs
(H = 6 nm, D = 30 nm) with different η. We show this in
Fig. 6(a), where good agreement may be seen.

Based on the polarization dependence of X and XX
energies [Fig. 5(c)], we determine a FSS of (50 ± 5) μeV
for the selected case, suggesting at least some QD-
confinement potential asymmetry. All the collected FSS
values are presented in Fig. 6(b). They range from 5
to 64 μeV, with some tendency toward higher FSS for
longer wavelengths; however, their accuracy is limited by
relatively large inhomogeneous linewidths. The observed
weak trend may indicate an increase in the asymmetry
of the dots grown under lower-strain conditions (higher

(a) (b) (c)
XX X

XXX

2.2 meV

FSS = 50 ± 5 μeV

5.0 μW

2.0 μW
1.0 μW
0.5 μW
0.2 μW
0.1 μW

I~P1.010+–0.039

I~P1.68 ± 0.11

FIG. 5. (a) PL spectra from a single QD for nonresonant excitation (sample In-38%) for excitation power values from 0.1 to 5 μW.
(b) Intensity of exciton (X ) and biexciton (XX ) lines as a function of excitation power with power-function fits (lines). (c) Emission
energy of X and XX lines for different linear polarization angles with sine fits (lines).
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(a)

(b)

η = 1.2

η = 2.0
In-38%
In-29%
In-24%
In-20%
In-15%

1Q-3Q
Median

FIG. 6. (a) XX binding energies (solid points) as a function of
emission energy with a marked range between the first and third
quartiles; dashed red line is the median for individual samples.
Theoretical simulations of binding energies for QDs (H = 6 nm,
D = 30 nm) with different η (open points). (b) Fine-structure
splitting of single-QD emission lines as a function of emission
energy (marked range between first and third quartiles; dashed
red line is the median for individual samples).

indium content in the MBL). Such increased asymme-
try could, in turn, be connected to the high � observed
for many lines with a slight increase in the redshift of
emission. However, in our case, the FSS trend is barely
noticeable and the obtained values are relatively low
over the entire spectral range (especially for wavelengths
below 1350 nm), which usually corresponds to rather in-
plane symmetric nanostructures or symmetric confinement
potential for at least one of the carriers. In addition, in
Fig. 6(b), we do not include cases with almost zero FSS.
These would be difficult to distinguish from the charged-
exciton-emission lines in polarization-resolved analysis,
considering the finite spectral resolution of our setup of
about 20 μeV, and the limitations of the analysis of the
results (about 5 μeV in the fitting procedure and line
separation). Therefore, the actual FSS values (especially
for shorter wavelengths) can be even lower.

D. Carrier dynamics

The PL decay time of QD emission is primarily related
to the radiative lifetime of the confined carriers, especially
at sufficiently low temperatures, when the contribution
from nonradiative processes is minimized. The radiative
lifetime directly corresponds to the oscillator strength of
optical transitions, related to the confinement potential in a
QD. It is crucial for implementing single-photon sources
based on QDs, as it impacts the maximal frequency of
operation of such devices. Our QDs are characterized by
either fast monoexponential decays or a combination of
short and long decay times, as shown in Figs. 7(a) and 7(b),
respectively, with exemplary results showing the fast and
slow decay components.

The mean values of the measured decay times (non-
resonant pulsed excitation) for many investigated lines
(different complexes; uncategorized) and identified exciton
and biexciton complexes are presented in Table II. In most
cases, two decay times are observed, especially for QDs
emitting above 1200 nm, which may indicate the presence
of other processes manifested by a slow decay component
for structures with increased indium content in the top part
of the MBL. They may be related to the influence of the
local QD charge environment, i.e., additional energy states
likely associated with neighboring charge-trapping defects
from which a delayed refilling of QDs can occur. The con-
centration of such charge traps in the MBL can be elevated
for higher indium contents. This agrees with the observed
linewidth increase for QDs emitting at longer wavelengths,
as discussed above. The increased influence of defect states
can also result in the observation of the additional decay
time. Two decay times have been seen for analogous QD

= (1.222 ± 0.008) ns = (1.888 ± 0.012) ns 

= (17.80 ± 0.24) ns 

(a) (b)

FIG. 7. TRPL results for (a) fast single-exponential decay and
(b) combination of short and long decay times with additional
exponential fitting (red line) for a single QD (structure In-38%)
nonresonantly excited.
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TABLE II. Decay times of single-QD emission lines (mean
values) for all investigated structures divided into the spectral
ranges of emission. τ1 (short) and τ2 (long) cover many QD lines
of different complexes, while τX and τXX are the short decay
times for identified X and XX lines only.

<1200 nm 1200–1400 nm 1400–1600 nm

τ1 (ns) 1.15 ± 0.16 1.432 ± 0.081 1.52 ± 0.48
τ2 (ns) Not observed 5.20 ± 0.68 6.4 ± 1.3
τX (ns) 1.56 ± 0.35 2.26 ± 0.40 2.64 ± 0.43
τXX (ns) 0.81 ± 0.15 1.10 ± 0.20 1.39 ± 0.12
τX /τXX 1.86–2.00 1.81–2.45 1.73–2.04

structures emitting in the third telecom window and fab-
ricated by MOVPE, confirming a similar impact of the
charge traps in the MBL [51].

We observe a slight increase in the short decay times
(for the uncategorized QD lines of different complexes)
for longer wavelengths, from an average of 1.15 ns for
QDs emitting below 1200 nm to 1.52 ns for QDs emit-
ting in the third telecom window (1450–1600 nm). This
change suggests a lower oscillator strength for In-rich
MBL dots. Comparable trends were observed for the iden-
tified X and XX complexes (see Table II). Information on
their lifetimes is relevant due to excluding other complexes
from the decay-time statistics. We find an average exci-
ton lifetime of 1.56 ns for QDs emitting below 1200 nm
and 2.64 ns for dots in the third telecom window. These
times are slightly longer than those typically observed in
InAs QDs emitting below 1000 nm [9] and for similar
structures grown by MOVPE [41]. Similarly, we observe
increased X and XX decay times for longer wavelengths.
It is worth noting that, for the identified X and XX emis-
sions, a slow decay component is also present for most of
the lines. Table II also presents the exciton-to-biexciton
lifetime ratio, which is often used to identify the QD
exciton-confinement regime. We observe τX /τXX ratios
around 1.8, i.e., below 2 for all the spectral ranges and all
MBL compositions, suggesting intermediate confinement.
This agrees with a dense-confined-state ladder, especially
for holes. For QDs emitting in the second (third) telecom
window, the separation is about 21 meV (∼15 meV) for
electron states and about 4.3 meV (∼3.8 meV) for hole
states (for a QD with H = 6 nm and D = 30 nm, η = 1.2).
The separation of single-particle states compared to the
exciton binding energy of about 12–15 meV confirms a
weaker confinement potential and is characteristic of the
intermediate-confinement regime.

E. Single-photon emission in the telecom range

From the photon autocorrelation measurements for the
exciton emission, we obtain the second-order correla-
tion functions, g(2)(τ ), under nonresonant cw excitation

(640 nm), which give an insight into the quality of single-
photon generation. Figures 8(a) and 8(b) show exemplary
results in the second and third telecom windows.

For most of the investigated cases, the as-measured
values of g(2)(0) are below 0.2, demonstrating the telecom-
range single-photon emission from our QDs with good
source purity, regardless of the spectral range and mod-
ifications in the MBL [Fig. 8(c)]. Fitting the experimen-
tal data [46] provides even lower values, as marked by
rimmed symbols in Fig. 8(c). The determined g(2)(0)
values are comparable with those for InAs/InP and
InAs/(In, Ga, Al)As/InP QDs (both symmetric and asym-
metric) obtained under nonresonant excitation [15,21,28,
90–92], but are still worse than the best reported values
for other GaAs-based dots [12,20]. The level of signal
detected from the investigated QDs is still not very high
(below 5000 counts/s for the best cases at saturation using
single-photon detectors), which results in limited accu-
racy of g(2)(0) determination; this can be a limitation
in the precise derivation of very low g(2)(0) values. It
can be improved when the material’s structural quality is
improved, and hence, the contribution from nonradiative
losses decreases.

The g(2) measurements under pulsed excitation allow
us to demonstrate single-photon-triggered QD emission in
both the second and third telecom windows, as shown in
Figs. 9(a) and 9(b). The limitation of these experiments
was a relatively weak signal under these conditions, which
forced us to use higher excitation when compared to cw
measurements, plus the existence of the long-decay-time
component in PL. As a consequence of the latter, the
counts in between the pulses do not reach the zero level (or
the detector dark-count level), which is even more severe
for the 1.5-μm (In-38%) case. Therefore, we used a 2 times
smaller excitation repetition [see Fig. 9(a)]. The near-
saturation excitation conditions do not allow us to directly
connect the fitted decay times to the result of dynamics
characterization obtained for much lower average pow-
ers. Independently of these, we observe a significant sig-
nal reduction for the zero time delay, indicating clear
single-photon emission in a triggered mode. The nonideal
suppression of multiphoton events for small delays [see
corresponding magnification of g(2)(τ ) in Figs. 9(c) and
9(d)] is additionally hindered by observation of the typi-
cal fingerprint of the carrier-recapture processes from the
charge states surrounding the dots [16,93,94]. To account
for the long-decay-time component, two decay times were
included in the fitting formula [95]; however, this was
insufficient to reconstruct the near-zero delay range prop-
erly, where the inclusion of recapturing was necessary
(after Ref. [16]). Based on the fitting with this dependence,
we obtain g(2)(0) values of 0.07 and 0.17 for the 1.3- and
1.5-μm cases, respectively, and the natural g(2)(τ ) back-
ground on a similar level of about 0.05–0.1, estimated
to be the detector dark counts. Despite the mentioned
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(a) (b)

(c)

FIG. 8. Second-order cor-
relation function, g(2)(τ ),
for X emission under cw
excitation with the 640-
nm line (a) for structure
In-38% and (b) for struc-
ture In-29%. Blue line is
the fit to experimental data,
and insets show the emis-
sion spectra of the investi-
gated lines. (c) Values for
all investigated cases from
both structures.

limitations, this single-photon-emission purity indicates
the application potential of these QDs, where an improve-
ment in the characteristics should be possible with resonant
excitation and further optimizations in the growth proce-
dure. Optimization of MBL growth parameters, as well

as the capping layer, should allow the number of defects
in the structure, including the vicinity of QDs [45,78], to
be reduced, and hence, the observed recapturing processes
and the occurrence of a slow decay component in the PL
dyanamics are suppressed.

(a)
Power = 0.6 μW, pulsed, 20 MHz Power = 1.5 μW, pulsed, 40 MHz

(b)

(c) (d)

FIG. 9. Second-order correlation function, g(2)(τ ), for X emission under pulsed excitation with the 805-nm line (a) for structure
In-38% and (b) for structure In-29%. Blue line is the fit to experimental data based on the additional recapture process and two-
component decay, and insets show the emission spectra of the investigated lines. Magnified ranges for small delays for g(2)(τ )
dependence and fit (c) for the third telecom range and (d) for the second telecom range.
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IV. CONCLUSION

We presented a study of single (In, Ga)As QDs that
were grown by MBE on (In, Ga)As metamorphic buffers,
on GaAs substrate. By changing the indium concentration
in the top part of the MBL, we redshifted the QD emis-
sion and reached the third telecom window. We showed
that the emission energy changed due to reduced strain
in the QDs but also due to the varying indium content
within the dots, which was induced by the composition
changes in the MBL. We identified linewidths for many
single QDs showing a slight increase for QDs on In-
rich MBLs, suggesting a rise in the density of charge
traps near QDs. In the polarization-resolved experiments,
we obtained no fingerprint of the significant asymme-
try change for different MBL compositions. The QD
excited states could directly be probed in single dots
by high-spatial-resolution photoluminescence excitation
spectroscopy, allowing for the demonstration of the QD-
emission linewidth decrease for quasiresonant excitation.
We identified basic excitonic complexes and followed the
changes in biexciton binding energy and fine-structure
splitting for different MBL compositions, suggesting elon-
gation of the dots emitting at longer wavelengths. The
single-dot radiative lifetimes suggested a slight QD oscil-
lator strength decrease for those on In-rich MBLs, whereas
the ratios of the exciton-to-biexciton lifetimes and the
slopes in the low-excitation-power dependences indicate
an intermediate-confinement regime in these dots. We also
demonstrated single-photon emission in the second and
third telecom windows with g(2)(0) values comparable to
those of InP-based QDs in the same range. This mate-
rial system, grown by MBE, is relatively new compared
to the more established MOVPE-grown solutions, but it
already shows its competitiveness as a platform for tele-
com applications, also serving as a good alternative to
InP-based QDs. Our results showed routes for further
developments and optimizations, which should primar-
ily concern improvements in the crystallographic quality
of the MBL and reduction of the defect concentrations,
which will affect many of the crucial properties, such as
minimizing the contribution of the slow PL decay com-
ponent or decreasing the inhomogenous linewidth, which,
in turn, will improve the accuracy of FSS and g(2)(0)
determination.
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Andrzejewski, P. Machnikowski, J. Misiewicz, A. Somers,
S. Höfling, J. P. Reithmaier, and G. Sęk, Phonon-assisted
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