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Abstract: The rapidly developing quantum communica-
tion technology requires deterministic quantum emitters
that can generate single photons and entangled photon
pairs in the third telecom window, in order to be com-
patible with existing optical fiber networks and on-chip
silicon photonic processors. InAs/InP quantum dots (QDs)
are among the leading candidates for this purpose, due
to their high emission efficiency in the required spectral
range. However, fabricating versatile InAs/InP QD-based
quantum emitters is challenging, especially as these QDs
typically have asymmetric profiles in the growth plane,
resulting ina substantial bright-excitonfine structure split-
ting (FSS). Thishinders thegenerationof entangledphoton
pairs and thus, compromises the versatility of InAs/InP
QDs. We overcome this by implementing droplet epitaxy
(DE) synthesis of low surface density (2.8 × 108 cm−2)
InAsxP1−x QDs with x = (80± 15)% on an (001)-oriented
InP substrate. The resulting QDs are located in etched pits,
have concave bases, and most importantly, have symmet-
ric in-plane profiles. We provide an analytical model to
explain the kinetics of pit formation and QD base shape
modification. Our theoretical calculations of electronic
states reveal the properties of neutral and charged excitons
and biexcitons confined in such QDs, which agree with
the optical investigations of individual QDs. The optical
response of QDs’ ensemble suggests that FSS may indeed
be negligible, as reflected in the vanishing degree of linear
polarization. However, single QD spectrum gathered from
an etched mesa shows moderate FSS of (50± 5) μeV that
we link to destructive changes made in the QD environ-
ment during the post-growth processing. Finally, we show
that the studied DE QDs provide a close-to-ideal single-
photonemissionpurityof (92.5 ± 7.5)% in the third telecom
window.

Keywords: near-infrared spectroscopy; quantum dots;
quantum telecommunication; single-photon sources.
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1 Introduction
Epitaxially-grown semiconductor quantum dots (QDs),
among other applications [1], are considered as nearly
perfect quantum emitters [2, 3] for applications in quan-
tum communication [4] and quantum computation [1, 5]
technologies. QDs emitting in the long-wavelength third
telecom band centered at 1550 nm are of special inter-
est for these applications [6], as they offer ultra-low-loss
single-photon-encoded data transmission between quan-
tum nodes, both in distributed silica-fiber-based optical
networks [7, 8] and on-chip optical circuits [9–13]. Two
main material systems have been identified for long-
wavelength QD-based single-photon emission: InAs/GaAs
[14–17] and InAs/InP [18–24]. InAs/GaAs QDs show excel-
lent single-photon emission properties [25], including high
single-photon emission purity [15, 17], and high degree
of photon indistinguishability [16]. This, however, is at
the cost of complicated strain engineering epitaxial pro-
cesses to red-shift the emission [6, 26]. In comparison,
InAs/InP QDs naturally emit at longer wavelengths, while
also offering high photon emission purity [18, 26] and
indistinguishability [27].However, controlling their growth
kinetics and the resulting morphology with respect to
size, shape anisotropy, and surface density is complicated.
Therefore, establishinganepitaxialmethod thatallows tai-
loring the aforementioned properties independently will
make InAs/InP QDs highly attractive as solid-state single-
photon quantum emitters in the long-wavelength telecom
range.

There are two main epitaxial techniques for synthe-
sizing InAs/InP QDs: Stranski–Krastanov (SK) [18, 21, 28],
and droplet epitaxy (DE) [19, 20, 29]. SK InAs/InPQDs hold
the record for single-photon purity in the long-wavelength
spectral range [18],whereasDE InAs/InPQDshave the lead
in entangled photon pair emission [30] due to their more
symmetric shape compared to SK QDs [19]. The high sym-
metry of QD confining potential is important for efficient
generationof entangledphotonpairs, as it directly impacts
the bright-exciton fine structure splitting (FSS) [2]. Sym-
metry can be inherited from the substrate by employing
high-Miller-index planes, such as (111)A- [31] and (111)B-
oriented GaAs [32] for the emission in the visible range, or
InP(111)A with C3𝑣 symmetry [33, 34] in the near-infrared
spectral range. These high-Miller-index planes substrates
are difficult to process and are thus unpractical for device
applications. Moreover, despite the promising prospects
of this approach [35], the FSS of the resulting QDs has not
been below (60± 38) μeV [36]. Therefore, it is important
to develop newmethods that allow synthesis of symmetric

QDs on the industry-compatible (001)-oriented InP sub-
strate. Inspiring results have been achieved in the GaAs-
based material system using the DE approach [37, 38]. The
obtained DE QDs have been shown to possess high in-
planesymmetryandhence,exhibit very lowFSSvalues [39,
40], allowing them to be employed in quantum communi-
cation schemes utilizing entangled photon pairs [4]. For
(001) InP substrates, a modified DEmethod, where the QD
crystallization froman Indroplet is followedby theanneal-
ing in AsH3 ambient, was recently suggested by Sala et
al. [41]. The resulting QDs were shown to have high in-
plane symmetry and are located at the center of etched
pits, formed during the annealing step.

In this work, we present a detailed investigation of
the morphology, chemical composition, electronic struc-
ture and optical properties of ensemble, and individual
DE InAs(P)/InP QDs grown in metalorganic vapor-phase
epitaxy (MOVPE). By optimizing the growth process, we
could achieve an array of low surface density QDs (2.8 ×
108 cm−2), with highly in-plane symmetric profiles located
in etched pits. The QD emission covers the range of inter-
est centered around 1500 nm. We have examined in detail
the morphology and chemical composition of surface and
buried QD-in-pit structures using atomic force microscopy
(AFM) imaging, scanning transmissionmicroscopy (STEM)
and energy dispersive X-ray spectroscopy (EDX). Based
on the insight gained, we propose a kinetic model to
explain the formation of asymmetric pits etched around
the QDs and the QD base shape modification. Moreover,
we have performed theoretical calculation of electronic
and optical properties within the eight-band k ⋅ p method
combinedwith theconfiguration–interactionapproach for
states of carrier complexes. Together with the morpho-
logical investigations they support the interpretation of
properties of ensemble and individual QDs revealed by the
low-temperature photoluminescence (PL) measurements.
Excitonic complexes in individual QDs were studied by
the micro-PL (μPL) and time-resolved μPL experiments.
We show that the fabricated QDs are promising candidates
for single-photon sources emitting at 1500 nm, supported
by their high purity single-photon emission with an as-
measured value of  = 92.5% and fitted g(2)fit = 0 with a
standard error of 𝜎 = 0.10 associated with the fitting pro-
cedure. In addition, the high lateral symmetry of the QDs
makes them interesting for entangled photon pair genera-
tion for quantum communication applications. Although
we measure an exciton FSS value on the level of (50± 5)
μeV, this is likely related to the post-growth processing of
the QD structure and requires further optimization.
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2 Results and discussion

2.1 Description of the structure
Eachof two studied samples contains twoQDarrays grown
under the same conditions by low-pressure MOVPE on an
(001)-oriented InP substrate. The first QD array is covered
by a 30 nm-thick InP layer and was used for STEM and
optical studies. The second QD array is deposited on the
top InP surface and is left uncovered forAFM investigation.

The QDswere synthesized in a two-step process. First,
an array of In droplets was deposited on the InP surface
at 360 ◦C under a trimethylindium (TMIn) flux and in the
absence of Vth group flux. Afterward, the In droplets were
annealed under an arsine (AsH3) ambient as the temper-
ature was being ramped up to 550 ◦C, followed by 180
s-long waiting time (annealing). For comparison, a refer-
ence structure was grown without the high-temperature
annealing. Instead, after the In droplet deposition at 360
◦C, the temperaturewas raised only to 475 ◦C inAsH3 ambi-
ent and no waiting followed. A detailed description of the
growth procedure can be found in the Methods section.

2.2 QD morphology investigations
The surface morphology of the QDs was investigated by
AFM. Figure 1a and b present typical AFM images of the
surface QDs in the annealed, and the un-annealed refer-
ence samples, respectively. The density of the surface QDs
is similar in the two samples, since this parameter is deter-
mined by the initial stage of DE QD growth, i.e., the In

droplet deposition [29]. The difference between the two
samples arises from the annealing conditions under AsH3.
It can be seen that for the sample annealed at an elevated
temperature, every QD is located in a pit formed by local
etching of the surroundingmaterial on the perimeter of the
InAs DE QD [41]. The exemplary cross-sectional profiles of
the AFM scans through the QD centers for the annealed
sample shown in Figure 1c reveal the typical shape of the
pits in two orthogonal directions. The pits are asymmetric,
with a typical width of ∼ 470 nm and ∼ 310 nm along the
[110] and [110] directions, respectively. The high-resolution
QD AFM profiles in Figure 1d reveal the high symmetry of
the annealed QDs (top panel) in comparison to the ref-
erence QDs (bottom panel). Statistical analysis of the QD
profiles presented in Figure 1e shows that the in-plane
aspect ratio of the annealed QDs, defined as the ratio of
the QD base median length along [110] and [110] direc-
tions, is 1.09 compared to 1.75 for the reference QDs. We
also observe a significant decrease of the QD height due to
annealing, from Hs ≈ 4.8 nm for the reference sample to
Hs ≈ 1.9 nm for the annealed QDs [bottom panel in Figure
1e]. For the annealed QDs, we definedHs as the height of a
surface QD measured from the bottom of the pit to the QD
apex.

Since surface QDs are optically inactive, buried QDs
need to be examined with respect to photon generation
processes. Detailed investigation of the shape and com-
position of annealed buried QDs and their environment
was carried out here by high resolution STEM [42] and
EDX in cross-section geometry. The results are summa-
rized in Figure 2, where we show cross-sections of QDs

a

c d e

b

Figure 1: Morphological investigation of sur-
face DE QDs by atomic force microscopy,
(2 × 2) μm2 scans.
(a) Annealed QDs in etched pits. (b) QDs
before annealing. (c) Cross-section scans of
QDs and the pits around annealed QDs. (d)
Comparison of the QD cross-sections: after
annealing [top panel, close-up of (c)] and
before annealing (bottom). (e) Statistics of
the QD in-plane elongation (top) and height
(bottom).
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Figure 2: Morphological investigation of the buried annealed DE QDs by STEM and EDX. QDs in cross-section geometry viewed along the (a)
[110] and (b) [110] directions, and (c) the 2D InAs(P) layer. (d)–(f) Maps representing the fractional change in lattice spacing along the [001]
direction (relative to the InP lattice), eyy, for each of the images in (a)–(c). (g)–(i) Line scan profiles of P (blue) and As (red) concentrations
measured by EDX, and the lattice displacement values eyy (black lines) along the [001] direction.

viewed along the [110] (top row) and [110] directions (mid-
dle row), and on the 2D layer (bottom row). While the
base length of the buried QDs seems to be very similar to
the surface QDs, we measure larger heights for the buried
QDs compared to the surface ones. Based on the images
shown in Figure 2a and b, the buried QDs can be approx-
imated as truncated cones with arched bases and almost
symmetric in-plane dimensions. Wemeasure a base diam-
eter of B = (45± 2) nm, top diameter of D = (33± 1.7) nm
and height of H = (5.2± 0.3) nm for the buried QDs in
the annealed sample. The chemical composition of these
QDs is found to be InAsxP1−x with x = (80± 15)%, mea-
sured both by EDX and by analyzing the change in the
lattice parameter along the [001] direction from the atomic
resolution STEM images (for details, see Methods). The
color-coded maps of changes in lattice spacing along the
[001] direction relative to the InP substrate (eyy) are shown
in Figure 2d–f. Line scans of eyy across the QDs and As and

P composition profiles obtained from EDX measurements
are plotted in Figure 2g–i. Additional EDX data is shown
in Figure S1.

The formation of a 2D InAsxP1−x layer, shown in
Figure 2c, is a self-limited process of P atoms substitution
by As, taking place at the InP surface during its annealing
in the AsH3 ambient. In contrast to SK QDs, DE QDs are
formed without a wetting layer, due to the entirely differ-
ent nature of their nucleation [19]. In the case of InAs/GaAs
QDs, the dot and the barrier share the Vth group atoms,
while in the case of our studied InAs/InP material sys-
tem, the Vth group fluxes are switched at the QD interface.
This means that the InP surface is exposed to the AsH3
ambient during the QD crystallization step. In such con-
ditions, the As–P exchange starts with the desorption of
the P atoms from the III–V surface. At standard growth
conditions, when the InP surface is exposed to the PH3
ambient, thevacantpositionsare immediately refilledwith
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new P atoms. However, if the InP surface is annealed in
the AsH3 ambience, the As atoms are more likely to bind
to available In atoms left vacant after the P desorption.
The kinetics of As–P exchange is temperature-dependent
and the process is reversible [43, 44]. The thickness of
this layer in our sample is h ≈ 3 MLs, estimated from the
STEM images [see Figure 2c, f and i]. A chemical composi-
tion of x = (50± 15)% is estimated for this layer from both
atomic resolution STEM images and EDX profiles as shown
in Figure 2f and i. For EDX data of the 2D layer, see Figure
S2. Moreover, we consistently observe a region about 15
nm-thick above the 2D layer containing up to ∼ 20% As.
Based on our AFM and STEM observations of DE QDs and
their environment, we reconstruct the model presented in
Figure 3a for buriedDE InAs/InPQDs located in etched pits
and connected by a 2D InP(As) layer.

In the following section, we focus on an analytical
description of the local etching mechanism during the
DE QD annealing step. We assume a symmetric QD with
dimensions inferred from the STEM measurements (QD1).
We assume the bottom base diameter ofB ∼ 43 nmand top
diameter ofD ∼ 33 nm.We then include a small QD elonga-
tionof∼ 1.09 to themodel, asmeasuredbyAFMfor surface
QDs. This resizes the dimensions to B[110] ∼ 41.1 nm and
D[110] ∼ 31.6 nm along the [110] direction, and B[110] ∼ 44.9
nm and D[110] ∼ 34.4 nm along the [110] direction (QD2).

Interestingly, STEM images show that the bottom base
of the QD is arched upwards, where the sides are at the
same level as the etched pits around the QDs and the cen-
tralpartofQDbase isapproximatelyat thesame levelas the
2D layer outside the pits. Therefore, in our model, we keep
the pit’s depth and the central part of the QD base level
equal [marked with d in Figure 3a]. For QD1, we take d =

a

b

Figure 3: Scheme of a QD geometry.
(a) Model of a QD and surrounding pit inferred from the STEM scans.
(b) The modeled profile of the bottom base of the QD and the 2D
InP(As) layer surrounding it (red line) overlaid on the STEM image in
Figure 2a. The white eye-guiding line indicates the QD top interfaces.

1.9 nm in both directions, and for QD2 d = 2.6 nm and d =
2 nm along the [110] and [110] directions, respectively. For
both QDs, we keep the same in-plane distance 𝜆 between
the QD base and the substrate outside the pit: 𝜆 = 213 nm
along [110] and 𝜆= 133 nm along the [110] direction.

2.3 Formation of pits around QDs
Annealing takes place under the As supplying ambient,
while P is available from the InP substrate. We need, how-
ever, an In supply to form additional InAs(P) material
in the island during annealing, most probably followed
by InAs(P) evaporation from the QD apex, leading to the
observed decrease in the height of the annealed QDs. The
material exchange between the substrate and the island is
In-limited. We assume that the In diffusion occurs prefer-
entially through the perimeter of the island base in contact
with a 2D InP(As) layer, where the elastic stress induced by
the lattice mismatch is highest, similar to InAs/InGaAs
system [45, 46]. Coordinate-dependent coverage of the
substrate with In atoms 𝜃 can be described using the
steady-state diffusion equation

d2𝜃
dx2 = −IkΩ∕Dkh, (1)

with k = 0 or 1. Here, x is the coordinate along a given
crystallographic direction (either [110] or [110]), Ω is the
elementary volume per one III–V pair, h is the height of
InAs(P) ML, I0 and D0 are the In fluxes [nm−2 s−1] and
diffusion coefficient for In migration from the substrate to
areaaround the island,while I1 andD1 describe Indiffusion
from the substrate into the island through the interface
beneath the QD. The diffusion process is driven by the
elastic stress field [45, 46], which depends on the position
around the island and the shape of the QD itself.

The relevant boundary conditions are given by

𝜃(x = B∕2) = 𝜃min, 𝜃(x = B∕2+ 𝜆) = 𝜃max (2)

for B∕2 ≤ x ≤ B∕2+ 𝜆 and(
d𝜃
dx

)
x=0

= 0, 𝜃(x = B∕2) = 𝜃min (3)

for0 ≤ x ≤ B∕2.Here,B is aQDbasediameter alongagiven
direction and 𝜆 is the effective diffusion length of In atoms
in this direction. The height profile of the surface around a
QD is then obtained as H − Hmax = −IkΩt(𝜃max − 𝜃), with
Hmax as the height outside the pit (the zero level) and t as
the annealing time. According to Eq. (2), the profile depth
is maximum at the island boundary and zero outside the
pit. According to Eq. (3), the height of the surface layer
in the growth direction reaches its maximum at x = 0 by
symmetry. Our measurements show that this maximum is
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very close to the surface height outside the pit, meaning
that the etching does not occur under the QD, e.g., in the
center of the pit. Solutions for the pit cross-sections along
the [110] and [110] directions are given by

H − Hmax = −I0ΩΔ𝜃t
[
1− x − B∕2

𝜆

− (B+ 𝜆)(x − B∕2)+ B2∕4− x2
r20

]
(4)

for B∕2 ≤ x ≤ B∕2+ 𝜆 around the QD and

H − Hmax = −I1ΩΔ𝜃t
[
1− B2∕4− x2

r21

]
(5)

for 0 ≤ x ≤ B∕2 beneath the QD, with r2i = 2DihΔ𝜃∕(IiΩ)
(i = 0, 1), and Δ𝜃 = 𝜃max − 𝜃min. According to the mea-
surements, the height profiles of the pits around the QD
are linearwithin theAFMexperimental accuracy (the slope
d∕𝜆 is only 1–2%), corresponding to r0 →∞ in Eq. (4). This
should be due to a high diffusivity of In through 2D layer
relative to the diffusivity of In at the island–substrate inter-
face (D0 ≪ D1). The calculated profile in Figure S3 shows
the excellent fits to the measured cross-sections of the pits
around symmetric QD1 and asymmetric QD2, aswell as the
concave-shaped cross-sections of the QD base. The fits are
obtainedwith I0ΩΔ𝜃t = I1ΩΔ𝜃t= 1.9 nm,B= 43 nm, r1 =
21.5nm,𝜆= 132.5nmin the [110]directionand213nmin the
[110] direction for symmetric QD1. For asymmetric QD2, we
use the same 𝜆, I0ΩΔ𝜃t = I1ΩΔ𝜃t= 2.0 nm, B= 41.12 nm,
r1 = 20.58 nm in the [110] direction, and I0ΩΔ𝜃t = I1ΩΔ𝜃t
= 2.6 nm, B= 44.88 nm, r1 = 22.4 nm in the [110] direction.
In all cases, the values of r1 are very close to B∕2, which
explains an absence of etching in the center of the pit.
The fitting values of I0ΩΔ𝜃t and I1ΩΔ𝜃t appear identical,
showing that the supply of In from the substrate to the QD
volume is the same around and underneath the QDs, while
different shapes of the cross sections are due to different
diffusion coefficients of In atoms. The effective diffusion
length of In atoms is larger along the [110] direction thus
the etching process occurs at different rates along different
crystallographic directions and results in the elongated pit
profiles. Overall, the fact that QDs become almost symmet-
ric after annealing should be due to a more homogeneous
soliddiffusionof Inatomscompared to its surfacediffusion
leading to elongated shapes of the initial islands.

2.4 Electronic and optical properties of QDs

2.4.1 Optical properties of the QD ensemble

OpticalpropertiesofanensembleofburiedQDswere inves-
tigated by low-temperature (T = 12 K) PL, time-resolved PL

and polarization dependence of QD PL response, and the
results are summarized in Figure 4. The optical response
of the QD ensemble reflects the statistical properties of the
investigated QDs. The PL spectrum of the sample is shown
in Figure 4a. The emission is centered at ∼ 0.85 eV, show-
ing spectral broadening mainly related to the QD size and
chemical composition distribution.

To link the optical and morphological investigations
of the QDs, we calculate the electron and hole eigensta-
tes within the multiband envelope-function k ⋅ p theory,
based on the QD geometry presented in Figure 3a, and
then include Coulomb and anisotropic electron–hole
exchange interactions within the configuration–interact-
ion approach. Details of the numerical calculations and
the parameters used are given in the Methods section. We
probearangeofparameterswithin theuncertaintywindow
provided by the morphological studies of buried annealed
QDs. The exciton ground-state energy for a series of calcu-
lations for QDswith As composition x in the range 72–88%
andheightH variedbetween3.6and6.0nm, isplottedwith
symbols in Figure 4a for comparisonwith the PL spectrum.
The position of the PL peak fits to an exciton transition cal-
culated for an InAsxP1−x QD with x ∼ 80% and H ∼ 5 nm,
thus confirming a good agreement between the QD model
constructed from the STEM and EDX measurements and
the optical response.

The degree of linear polarization (DOLP) for the
ensemble emission, presented in Figure 4b, is experimen-
tally estimated to be on the low level of ∼ 3.5% (see
Methods for the definition of DOLP). Such a low value
can be linked to a very small in-plane asymmetry of the
confining potential. This parameter is influenced by strain
fields, local atomic disorder, the electric field, and more
importantly, the QD shape [47]. High in-plane symmetry
of QDs revealed from the morphological investigation is
expected to provide a highly symmetric QD potential and,

a b c

Figure 4: Optical properties of the QD ensemble emission.
(a) PL spectrum (left axis) with the calculated X emission energy as a
function of QD height and As content (right axis). (b) Integrated PL
intensity of QD ensemble as a function of the polarization angle. (c)
Time-resolved photoluminescence for the peak of the QD ensemble.



P. Holewa et al.: Droplet epitaxy symmetric InAs/InP quantum dots | 7

consequently, lead to vanishing FSS for confined exciton
and biexciton states. This satisfies the general requirement
for a source of polarization-entangled photon pairs.

We also carried out time-resolved PL measurements
of QD ensemble to estimate the recombination time at the
PL peak energy. The obtained PL trace shows a mono-
exponential decay characterized by a time constant 𝜏PL =
(0.75± 0.01) ns (Figure 4c). In the case of QD confining
potential asymmetry, two PL decay components in the PL
trace should be observed due to two different oscillator
strengths for the doublet of fundamental exciton transi-
tions [47]. This in turn would result in a significant DOLP.
Thus, the results of optical investigations of the QD ensem-
ble are in line with the expected relatively small FSS in the
investigated QDs.

2.4.2 Single QD emission properties

In this section, we present a detailed investigation of the
optical properties of individual QDs. To spatially isolate
individual QDs, the structure was processed into large
mesas 2–3 μm in size (for details see Methods). The μPL
spectra for the buried annealed QDs are presented in
Figure 5a, comprising a handful of well-isolated emission
lines, indicating the presence of only a few QDs within the
excitation spot.

A zoomed-in plot of the group of μPL lines at ∼0.83
eV is presented in Figure 5b. The excitonic complexes
are identified by measuring the excitation power (P)

dependence of the line intensity (I). While for the μPL
line at ∼0.8324 eV we have IX ∼ P1.01, for the line at
∼0.8303eV the intensity changesquadraticallywithpower(
IXX ∼ P1.95

)
. These dependencies, displayed in Figure 5c,

allowed for a tentative assignment of the lines as exciton
(X) and biexciton (XX) transitions in the same QD. The
μPL spectrum also contains another line at∼0.8334 eV, for
which ICX ∼ P1.27. Therefore, the line is tentatively identi-
fied as a charged exciton transition (CX) [48, 49], without
clear assignment to a particular QD.

We carry out theoretical calculations of a QD hav-
ing the ground state near the observed X transition. The
geometry of simulated QDs is based on our morphological
investigations (see Figure 3) withH = 4.8 nm and x= 80%,
while for the in-planesizewecalculatebothan ideally sym-
metric (labeled QD1) and a slightly asymmetric dot (QD2),
which includes minor deviations from the perfect symme-
try: slight elongation and a difference in the concave QD
base arcs in the [110] and [110] directions. All the relevant
computed parameters are summarized in Table 1. The only
parameter with a noticeable, yet still insignificant, differ-
ence between the ideally symmetric QD1 and the realistic
QD2 is the electron single-particle excitation energy. Thus,
we can consider that the slight asymmetry present in the
investigated QDs should have very small effects on optical
properties.

The calculated binding energies for the biexciton,
the positively-charged exciton (X+), and the negatively-
charged exciton (X−) are negative with magnitudes of

a cb

d fe

Figure 5: Single QD emission.
(a) Exemplary high-resolution low-temper-
ature (T = 4.2 K) μPL spectra measured in
three different mesas containing QDs. (b)
μPL spectrum of an individual QDwith identi-
fied excitonic complexes (exciton, X, positive
trion, X+, and biexciton, XX), as well as a
trion line from a neighboring QD (CX). The
corresponding calculated binding energies
for trion and biexciton are written and shown
with green arrows (see QD2 in Table 1). (c)
Integrated μPL intensity for XX and X lines
with fit lines. (d) Polarization-resolved μPL
for the lines shown in panel (b). (e) Time-
resolved photoluminescence for the X line.
(f) Temperature dependence of the X line μPL
intensity with the Arrhenius fit line.
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Table 1: Results of calculation for the idealized (QD1) and realistic (QD2) models of a QD: first excited level splitting for the electron and the
hole, light-hole admixture, X ground state energy, DOLP, X lifetime, carrier-complex binding energies with respect to X energy.

e2 − e1 (meV) h2 − h1 (meV) lh admixture (%) EX (meV) DOLP (%) 𝝉X (ns) 𝚫X− (meV) 𝚫X+ (meV) 𝚫XX (meV)

QD1 10.18 7.64 0.056 823.82 0.32 0.87 3.01 1.64 2.78
QD2 7.60 7.77 0.06 818.75 1.42 0.84 2.99 1.43 2.63

ΔXX = 2.63 meV, ΔX+ = 1.43 meV, and ΔX− = 2.9 meV,
respectively (see Figure S4 for the binding energies for
all calculated QD2 geometries). The calculated ΔXX value
fits very well to the experimentally obtained XX binding
energy, whereas another line in the QD spectrum fits to the
X+ binding energy. For comparison, the calculated binding
energies are shown in Figure 5b with green arrows. There-
fore, the respective exciton complexes presumably belong
to the same QD. However, the CX line at emission energy
above X is attributed to a different QD as the existence
of a negative trion with a positive binding energy may be
excluded based on the theoretical calculations.

The results of polarization-resolved μPL investigation
are presented in Figure 5d. Since the identified X+ and
CX lines come from recombination of spin-singlet states,
one can expect zero FSS, and hence no doublet in the
linear polarization-resolved spectrum.However, suchdou-
blets are present for the X and XX emission lines. The
extracted exciton FSS is∼ (50± 5) μeV, which is compara-
ble to the average values in symmetric GaAs-based QDs
[36]. However, it is much higher than expected for the
studied DE QDs as suggested by the ensemble emission
properties described above.Moreover, theminor deviation
from rotational symmetry found in the QD morphology,
according to the calculation summarized in Table 1, could
not explain the appearance of considerable FSS, since
it results in negligible light-hole admixture to the hole
ground state (see Table 1). Such admixture is typically
the main source of FSS in QDs [50]. Additionally, time-
resolved μPL investigations of the exciton line, shown in
Figure 5e, reveal 𝜏 = (3.16± 0.04) ns. This is in stark con-
trast to the ensemble measurements, (0.75± 0.01) ns, and
to the theoretically predicted value of 0.84 ns, which indi-
cates the presence of other factors involved in carrier states
and dynamics in the processed sample. Themeasured FSS
and increased QD lifetime can be attributed to, e.g., the
presence of crystal point defects and/or electric charges
in the vicinity of QDs as a consequence of the dry etching
process formesa fabrication. Such a nearby electric charge
acts as a source of an electric field that partially separates
the electron and the hole in a QD leading to slower recom-
bination, an effect observed also in other systems [51]. The

increase in exciton lifetime in etched mesas is universal.
However, its extent is random without any noticeable cor-
relation with other QD properties, which is in line with
irregular charge locations. This effective degradation of
the initial in-plane rotational symmetry of the QD confin-
ing potential (exhibited in FSS and recombination time)
requires further investigation.

The temperature-dependentμPL intensity of theX line
is used to evaluate the prospect of single-photon applica-
tions at elevated temperatures, which require just Stirling-
compatible cryocooler [52] (Figure 5d). Quenching of the
μPL intensity is observable at relatively high temperatures
as for pure InP barriers, starting from T = 50 K. This tem-
perature is prospective for applications of our QDs in the
quantumtechnology industryas it is easily achievablewith
a cryogenic-free Stirling cooler [52]. The activation energy,
EA, of (74± 13) meV (see Methods for the fitting formula),
is larger than typically observed for telecommunication-
relevant SK InAs/InP QDs [23] or InAs/InAlGaAs quantum
dashes [53], and proves a good carrier localization in the
QDs under investigation.

Finally, we investigate the single-photon emission
purity  by the autocorrelation spectroscopy of the
charged-exciton line in Figure 6a, having one of the largest
emission intensities. For that, we record the second-order
correlation function g(2)(𝜏), exploiting the off-resonant
continuous wave (cw) excitation scheme. The obtained
histogram C(𝜏) without normalization is presented in

a b

Figure 6: QD single-photon emission.
(a) The μPL spectrum for the CX line recorded on superconducting
nanowire single-photon detectors with (b) CX autocorrelation
histogram. Shaded area in (a) marks the monochromator band-pass.
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Figure 6b which we fit [54] (see Methods) and obtain the
g(2)(𝜏) function by normalizing C(𝜏) with the average level
A of coincidences per channel for |𝜏| ≫ 0. We obtain the
fitted value of g(2)(𝜏 = 0) = 0 and the standard error of
thefittingprocedure𝜎 = 0.10 (without backgroundcorrec-
tion or other data post-processing and with A = 40). The
raw data-estimated purity is = 1− C(0)∕A= 92.5%, and
with the moderate level of A, we use a conservative esti-
mation of the single-photon purity  = (92.5± 7.5)%. The
obtained high purity of the single-photon emission is com-
parable to theprevious reports forDEQDsofhigherdensity
emitting in the third telecom window [30] and indicates
the potential of the investigated QDs in quantum informa-
tion processing as single-photon emitters operating in this
spectral range.

3 Conclusions
We have synthesized InAs/InP QDs with low-surface den-
sity on (001)-oriented InP substrate by DE in the MOVPE
process. By implementing an additional annealing step
under AsH3 ambient after QD formation, we induced mod-
ifications to the QD shape, as well as local etching of pits
around the QD’s perimeter.

The morphology of resulting DE QDs was investigated
in detail by atomic force microscopy, scanning transmis-
sion electronmicroscopy and energydispersiveX-ray spec-
troscopy. The resulting DE QDswere found to have close to
symmetric in-plane profiles and concave bases. Based on
our morphological investigations, we proposed a kinetic
model describing the formation of the pits surrounding
QDs and the modification of the QD base shape.

The optical properties of a DE QDs ensemble
revealed low DOLP, supporting the observation of high
in-plane symmetry of the dots based on our structural
characterizations.

The electronic and optical properties of carrier com-
plexes confined in the QDs were calculated within the
eight-band k ⋅ p and configuration–interaction methods,
including the expected range of energies for the neutral
exciton andbinding energies for the biexciton and charged
exciton. The optical properties of individual QDs were
studied by high-spatially-resolution PL in mesa-processed
structures. The experimentally obtained binding energies
for the exciton and the biexciton were in a good agreement
with the theoretically calculated values. The close to sym-
metric shape of the QDs should result in near zero FSS.
However, the measurements revealed FSS ∼ (50± 5) μeV.
This, together with the increased carrier lifetime in mesa-
processed structures compared to the planar structure,

suggests that the defects introduced during the dry etching
process candistort theQDelectronic andoptical properties
from the average picture derived from the ensemble stud-
ies. Thus, further investigation and optimization of the
processing are required.

Finally, the QDs show excellent single-photon emis-
sion properties: the Hanbury-Brown and Twiss-type inter-
ferometric experiment on a charged exciton revealed high
purity of single-photon emission at ∼ 1500 nm of  =
(92.5± 7.5)%, showing that these dots are promising can-
didates for single-photon emitters at the third telecom
window.

4 Methods

4.1 Fabrication

The QDs were grown in the low-pressure MOVPE TurboDisc reactor
using arsine (AsH3), phosphine (PH3), tertiarybutylphosphine (TBP)
and trimethylindium (TMIn) precursors with H2 as a carrier gas. The
growth sequence beganwith a 0.5μm-thick InP buffer layer deposited
on an (001)-oriented InP substrate at 610 ◦C. Then, the temperature
was decreased to 360 ◦C and stabilized under TBP. The deposition of
indium droplets occurred under the TMIn flow rate of 13 μmol/min
with nominally 1.8 ML-thick indium layer. The indium droplets were
annealed for 60 s and the temperature was being raised to 550 ◦C dur-
ing 130 s under AsH3 with the flow rate of 52.2 μmol/min. Afterward,
the temperature andAsH3 flowwere kept constant for 180 s andfinally
the 30 nm-thick InP was deposited. We repeated the indium droplet
deposition and the annealing sequence for the surface QDs. For the
reference structure, without annealing, after the 60 s-long waiting
time, the temperature was raised to 475 ◦C during 70 s under AsH3
ambient followedby the immediate InP layer deposition and the same
sequence for the surface QD array finished the structure. Such struc-
turewas used for theQDensemble investigation (time-dependent and
polarization-resolved PL studies). For the μPL studies, the annealed
structure was additionally processed to fabricate large mesa struc-
tures (size of 2–3 μm) in electron cyclotron resonance-reactive ion
etching (RIE) in an Ar+/Cl− plasma.

4.2 Scanning transmission electron microscopy

Electron transparent lamellas of the cross-sections of the samples
were prepared by focused ion beam milling (FIB) using a Helios
Nanolab dual beam instrument. The FIB milling and polishing was
carried out using a Ga+ beam at 30 kV and with currents ranging
from 2 nA −20 pA. The samples were then further polished in an
Ar+ Nanomill instrument at 700 V in order to remove FIB induced
damage. High-angle annular dark-field STEM images of the samples
were acquired using an FEI Titan 80-300 instrument fitted with a
field emission gun and with an aberration-corrector on the probe
forming lenses, operated at 300 kV. The electron probe had a con-
vergence semi-angle of 18 mrad and the images were recorded on
an annular detector with an inner collection semi-angle of 50 mrad.
Geometric phase analysis was applied to the images to obtain lat-
tice displacement maps along the [001] direction using the freely
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available FRWRtools script [55]. The obtained changes in the lattice
spacing along the growth direction and the Poisson ratio of InAs
were then used to estimate the As content of the examined regions.
The uncertainty of the composition estimation is determined by the
measurement accuracy.

4.3 Optical experiments

During the optical experiments, the structures were held in a helium-
flow cryostat allowing for the sample’s temperature control in the
range of 4.2–300 K. For the μPL studies, the structures were excited
by a 640 nm line from a cw semiconductor laser diode through a
high-numerical-aperture (NA = 0.4) microscope objective with 20×
magnification. The same objective was used to collect the μPL sig-
nal and to direct it for the spectral analysis with a 1 m-focal-length
monochromator equipped with a liquid-nitrogen-cooled InGaAsmul-
tichannel array detector, providing spatial and spectral resolution of
∼ 2 μm and ∼ 25 μeV, respectively. For the QD ensemble investiga-
tions, we used an optical lens instead of the microscope objective to
probe a larger sample area of (150 × 150) μm2. Polarization proper-
ties of emitted light were analyzed by rotating the half-wave retarder
mounted before a fixed high-contrast-ratio (106: 1) linear polarizer
placed in front of the monochromator’s entrance. Autocorrelation
histograms and TRPL were measured in a similar setup. However,
the structure was excited by a 787 nm cw laser line for the correlation
spectroscopy, and by a train of∼ 50 ps-long pulses at the frequency of
80MHz,and thecentralphotonwavelengthof805nm. In this case, the
collected photons were dispersed by a 0.3 m-focal-length monochro-
mator equipped eitherwith the InGaAsmultichannel arraydetector or
NbN-based superconducting nanowire single-photon detectors with
∼ 90% efficiency in the 1.5–1.6 μm range and ∼ 200 dark counts per
second. A multichannel picosecond event timer analyzed the single
photon counts as the time-to-amplitude converter with the 256 ps
channel time bin width. The overall temporal resolution of the setup
is ∼ 80 ps.

The DOLP is defined as

DOLP = Imax − Imin
Imax + Imin

, (6)

where Imax (Imin) is themaximal (minimal)PL intensity. Thequenching
of the integrated μPL intensity was fitted with the standard formula
with a single activation processes related to excitation of carriers to
higher-energy states or their escape from a QD:

I(T) = I0∕ [1+ B exp (−EA∕kBT)] , (7)

where I0 is the μPL intensity for T → 0, EA is the activation energy,
and B is the quenching rate. The autocorrelation histogram is fitted
with the function of the form

C(𝜏) = A
[
1−

(
1− g(2)fit (0)

)
exp (−|𝜏|∕tr)

]
, (8)

where g(2)fit (0) is the single-photon emission purity, A in an average
coincidence level, and tr = 1∕(Γ +WP) is the antibunching time con-
stant with Γ being the electron–hole radiative recombination rate,
andWP – the effective pump rate.

4.4 Calculation of electronic and optical properties

The material composition profiles of simulated QDs, as presented in
Figure 3a, were discretized and represented on a numerical grid. The

strain field was calculated within the standard continuum elasticity
theory, such that it minimizes the total elastic energy of the system.
As the materials are noncentrosymmetric, the shear components of
the strain tensor lead to a nonuniform piezoelectric field [56], which
was calculated taking into account up to second-order terms in strain.
Next, electron and hole (time-reversed valence-band electron) eigen-
states were calculated using a numerical implementation [57] of the
eight-band envelope-function k ⋅ pmethod [58, 59] including the cal-
culated strain and piezoelectric fields as well as spin–orbit effects
(for the explicit form of the Hamiltonian and details of numerical
implementation, see Ref. [60]; for material parameters used for the
InAs/InP material system see Ref. [23] and references therein). Cal-
culated eigenstates have the form of discretized envelope functions
for each of the eight bands included in the model, which allows us
to determine, e.g., the light-hole admixture to the hole ground state.
For each of simulated QDs a 40 × 40 electron–hole single-particle
basis was computed and used to calculate the eigenstates of excitons,
charged excitons andbiexcitonswithin the configuration–interaction
method by exact diagonalization of the electron–hole Coulomb and
phenomenologicalanisotropicexchange interactionsexpanded in the
configuration basis. Using the light–matter coupling Hamiltonian in
the dipole approximation [61], optical transition dipole moments and
resultant radiative lifetime and degree of polarizationwere calculated
for each of the carrier-complex states.
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