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High-Purity Single-Photon Emission in the Telecom O-Band
from Droplet-Epitaxy InAs Quantum Dots Integrated into a
GaAs/AlGaAs Planar Microcavity on Vicinal GaAs(111)A

Platform

Pawet Wyborski, Artur Tuktamyshev, Martin A. Jacobsen, Abdulmalik A. Madigawa,
Stefano Vichi, Niels Gregersen, Stefano Sanguinetti, and Battulga Munkhbat*

Efficient single-photon emitters operating at telecom wavelengths are pivotal
for implementing long-distance quantum communication through existing
fiber-optic networks. Here, the realization of single-photon emission is
reported in the second telecom window from droplet-epitaxy InAs quantum
dots (QDs) integrated into a GaAs-based photonic structure. By employing an
InAlAs metamorphic buffer layer to engineer strain, telecom-wavelength
emission is achieved over a broad range of 1170-1360 nm, while maintaining
compatibility with mature GaAs device platforms. Embedded in a planar
GaAs/AlGaAs distributed Bragg reflector microcavity, these QDs exhibit
high-purity single-photon emission, as indicated by a second-order correlation
function g (0) = 0.012*0%] under continuous-wave excitation and g (0) =
0.069 + 0.032 under pulsed above-band excitation. Time-resolved
photoluminescence measurements yield a short average lifetime of about 0.98
ns, and the cavity design improves the extraction efficiency up to 5.8-fold,
with a value of approximately 3.9% to the first lens. These results highlight the
potential of droplet-epitaxy InAs QDs for scalable, fiber-compatible quantum

1. Introduction

Realizing secure, large-scale quantum
communication and distributed quantum
computing relies on the development of
extended and reliable quantum networks.!!!
At the heart of these networks lie quan-
tum interconnects, enabling the coherent
transfer of quantum states between distant
nodes and thus facilitating entanglement
distribution and state teleportation. Single
photons are ideally suited as “flying qubits”
in such architectures due to their robust-
ness against decoherence and compatibility
with optical fiber networks.?] For practical
implementations of quantum communi-
cation protocols, efficient single-photon
sources operating within the telecommu-
nication O-band (1310 nm) and C-band
(~1550 nm) are highly desirable.’! These

photonic technologies and pave the way for practical long-distance

quantum communication.
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wavelength bands experience minimal
loss in standard silica fibers, supporting
long-distance photon transmission with
lower attenuation. Additionally, exploiting
the extensive infrastructure of classical
telecommunication  components, such as Dbroadband
modulators!*! and high-speed detectors,>®! further enhances
the feasibility and scalability of quantum communication sys-
tems. Consequently, the development of single-photon emitters
that combine high purity, brightness, and compatibility with
telecom wavelengths is essential for future photonic quantum
information technology.

The semiconductor quantum dot (QD) has recently emerged
as a leading platform for on-demand single-photon and
entangled-photon pair generation.”8] Engineered QDs have
demonstrated record performance in terms of photon purity, in-
distinguishability, and brightness, particularly in the sub-1100
nm range. By integrating QDs into advanced photonic struc-
tures and employing electrical control, researchers have achieved
near-ideal single-photon performance on GaAs platforms.”*] Ex-
tending these remarkable properties into the telecom band, how-
ever, requires careful epitaxial growth and strain engineering.
Two main material systems have been explored for telecom-
wavelength QDs: InAs/GaAs [1%12] and InAs/InP.['*"15] Among

© 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH


http://www.advquantumtech.com
mailto:bamunk@dtu.dk
https://doi.org/10.1002/qute.202500159
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqute.202500159&domain=pdf&date_stamp=2025-06-25

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

these, GaAs-based platforms offer the advantage of straightfor-
ward integration with high-quality distributed Bragg reflectors
(DBRSs), facilitating the fabrication of planar microcavities and
other advanced photonic architectures. Achieving telecom emis-
sion from InAs/GaAs QDs can be done with careful strain en-
gineering by using metamorphic buffer layers (MMBLs) to relax
the lattice mismatch, thus reducing strain-induced gap widen-
ing in InAs and shifting the emission into the O- and C-band
ranges.l1%1116-18] However, common InGaAs MMBL thickness
on GaAs(001) exceeds 1 pm,1%2] limiting their compatibility
with photonic structures. The minimal thickness of the InGaAs
MMBL on GaAs(001) reported in the literature is 180 nm with a
total InGaAs layer thickness of about 450 nm.['”] A promising ap-
proach to minimize InGa(Al)As MMBL thickness on GaAs plat-
form and to fabricate a telecom QD-based single-photon source
integrated with the photonic cavity is to epitaxially grow on the
(111)-oriented substrates. Due to rapid relaxation of compressive
strain via the nucleation of the misfit dislocations net,[224] it is
possible to grow thin (~ 30-40 nm) and flat metamorphic lay-
ers on the on-axis and vicinal GaAs(111)A.[2*-2¢] Originally, (111)-
oriented substrates are used to self-assemble highly-symmetrical
QDs for the fine structure splitting (FSS) reduction that compli-
cates the generation of polarization-entangled photon pairs.[2-3"]

The formation of QDs on GaAs(111)A via the Stranski-
Krastanov (SK) growth mode is not straightforward. SK growth
mode, employed for the self-assembly of InAs/GaAs(001)
QDs,31 is not able to induce the self-assembly of 3D islands on
GaAs(111)A surfaces because of the rapid relaxation of compres-
sive strain via the insertion of misfit dislocations at the substrate-
epilayer interface.21-2*] Due to growth defects, supersize islands
can be obtained at high InAs coverages on GaAs(111)B.*?] Be-
cause of their defective nature and large size, such islands can-
notactas QDs. Therefore, InAs/GaAs(111)A or InAs/InAl(Ga)As
QDs can be obtained only by the droplet epitaxy method. Only
by switching the strain from compressive to tensile in the epi-
layers, self-assembled GaAs QDs on InAl(Ga)As(111)A were
demonstrated,**** with a still limited control capability.

Droplet epitaxy enables control over QD size, shape, and
density,*35] making it suited for achieving telecom-wavelength
emission. While single-photon emitters based on droplet epi-
taxy QDs have been reported by several groups!'****] using a
range of semiconductor heterostructure combinations on (001)
oriented substrates, the complete characterization of a quantum
emitter in the telecom range using quantum dots grown on (111)
substrates, to take profit of the reduced thickness for the complete
relaxation of a metamorphic barrier, is still lacking.

The single photon emission at telecom wavelength from
InAs/InGaAlAs QDs grown on InP(111)A substrates by droplet
epitaxy was demonstrated with the second-order correlation func-
tion at zero delay g'? (0) around 0.2 under continuous-wave (CW)
excitation.[] To increase extraction efficiency, a vertical optical
cavity approach with thick DBR layers could be implemented.
However, it is practically challenging to realize it on the singu-
lar (111) substrates due to the extremely low growth rate and
the appearance of surface defects which hinders a 2D growth
mode.[**] One solution is to utilize vicinal GaAs{111} sub-
strates, which support sufficiently thick GaAs/AlGaAs DBRs. In-
deed, droplet-epitaxy InAs/GaAs(111)B QDs emitting near 930
nm and integrated into a hybrid cavity—comprising a bottom
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GaAs/AlGaAs DBR and a microlens-have exhibited g (0) =
0.07.147481 At telecom wavelengths, however, such fully integrated
microcavity designs remain scarce. To the best of our knowl-
edge, only one study has reported telecom droplet-epitaxy InAs
QDs on GaAs(111)A into a GaAs-based microcavity via the in-
sertion of an InGa(Al)As metamorphic layer, showing bright
QDs with low FSS.*] Despite these advances, single-photon
characteristics and carrier dynamics of telecom droplet-epitaxy
InAs/InAlAs(111)A QDs within GaAs-based microcavities — cru-
cial for quantum network applications — have not yet been thor-
oughly investigated. Additionally, the study of the strain relax-
ation behavior of droplet epitaxy InAs/InAlAs(111)A QDs shows
that the majority of QDs in refs. [49, 50] are optically inactive due
to their large size.>!]

In this work, we present the characterization of a promising
telecom single-photon source based on low-density InAs QDs
embedded in a planar GaAs/AlGaAs distributed Bragg reflector
microcavity. Telecom O-band emission from droplet-epitaxy InAs
QDs grown on a GaAs(111)A substrate are achieved through pre-
cise strain engineering of the QDs using a uniform InAlAs meta-
morphic buffer layer and optimized QD growth parameters. QD
size and shape improvements have been implemented, increas-
ing the number of optically active QDs by decreasing the amount
of indium deposited during the droplet nucleation step, subse-
quently decreasing the droplet and QD sizes and fabricating in-
plane symmetric hexagonal-shaped QDs.5! The QDs embedded
within the planar 4/2 DBR microcavity demonstrate highly ef-
ficient single-photon emission with excellent purity. Measure-
ments of the second-order correlation function reveal g?(0) =
0.012*0%°) under continuous-wave (CW) excitation and g (0) =
0.069 + 0.032 under pulsed above-band excitation. Furthermore,
time-resolved and power-dependent photoluminescence studies
indicate a short average lifetime of approximately 0.98 ns and
extraction efficiency around 3.9% to the first lens. These re-
sults highlight the potential of droplet-epitaxy InAs QDs inte-
grated into GaAs-based photonic structures as a robust platform
for single-photon generation at telecom wavelengths. It offers a
promising platform for scalable quantum photonic technologies
and opens new avenues for long-distance quantum communica-
tion.

2. Quantum Dot Sample

The QD sample used in this work was grown via molecular beam
epitaxy (MBE) and features low-density InAs/InAlAs QDs on
GaAs(111)A substrates with 2° miscut. The combination of the
InAlAs metamorphic buffer layer and the droplet epitaxy method
enabled the formation of QDs emitting in the telecom range on a
GaAs-based substrate. This advancement opens possibilities for
integrating telecom InAs QDs into GaAs-based photonic struc-
tures, benefiting from the extensive technological maturity and
versatility of the GaAs platform. To exploit this advantage, we in-
tegrated the QDs into a planar microcavity to enhance the extrac-
tion efficiency of the single-photon source emission. The cavity
is defined by a bottom-distributed Bragg reflector (DBR) consist-
ing of 25 GaAs/AlGaAs pairs situated beneath the InAlAs layer,
which contains the QDs and the buffer layer. The cavity is then
completed with three GaAs/AlGaAs/GaAs layers on top of the
InAlAs layer. We chose DBR layer thicknesses of 4.;/4 and an
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Figure 1. a) Schematic layout of sample presenting InAs QDs in InAlAs
metamorphic buffer layer embedded into a photonic cavity, consists of a
bottom and top DBRs. b) Low-temperature PL images of QDs emission
recorded by the infrared camera after 660 nm LED excitation (the scale
bare is 20 um). c) PL spectra of exemplary single QDs and reflectivity spec-
trum of the planar microcavity (blue) (T = 4 K).

InAlAs thickness of A.4/2, where A4 is the effective wavelength
in the material, to target a cavity resonance of around 4 ~ 1300
nm. Reflectivity measurements, combined with a fitting proce-
dure, will later confirm that the fabricated device’s resonance is
around A ~ 1330 nm. The layout and schematic of the device are
shown in Figure 1a and Figure S1 (Supporting Information). The
top DBR structure, composed of standard GaAs-AlGaAs pairs,
appears suboptimal due to the additional tensile strain between
the metamorphic buffer layer and the DBR structure, resulting in
a rough surface (root-mean square roughness = 20 nm on 5X5
um? scan area; see Figure S2, Supporting Information). Such
a high surface roughness likely increases scattering losses and
degrades overall cavity performance. On a (111)-oriented sub-
strate, compressive strain in InAlAs grown on GaAs is relaxed
via the formation of misfit dislocations net!?!"?] resulting in a flat
surface.[>2] Conversely, tensile strain in GaAs on InAlAs drives
the formation of three-dimensional islands, whose size grow with
increasing capping layer thickness.33#4] However, the DBR struc-
ture cannot contain InGaAs layers lattice-matched to our InAlAs
metamorphic buffer layer (60% indium) due to photon absorp-
tion at the telecom range. In the future, we plan to investigate
the InAlAs-InGaAlAs layers, lattice-matched to the metamorphic
buffer layer, as the top DBR pair.
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The droplet epitaxy technique enables optimization of the
shape and size of QDs by carefully adjusting fabrication
parameters,[2] which is critical for achieving emission within
the telecom range. In this work, we decreased the amount of
deposited indium during the droplet nucleation step in con-
trast to QDs obtained in refs. [49, 50] in order to shift the
center of QD height distribution below 3 nm to achieve a
higher density of optically active QDs. QDs exceeding 2.5-3 nm
height are plastically relaxed, resulting in the mass transfer onto
QDs during capping layer deposition. Such dislocated QDs act
as the non-radiative recombination centers.>!] Moreover, small
droplet size and high As flux during the crystallization step
lead to the fabrication of symmetrical hexagonal-shaped QDs as
in the case of GaAs/AlGaAs(111)A QDs (see Figure S4, Sup-
porting Information).’?] Detailed information about the fabri-
cation process and corresponding structure analysis are pro-
vided in the Experimental Section as well as in Note S1 and
Figures S2-S4 (Supporting Information). A broad distribution
of QD sizes (see Figure S3a, Supporting Information) results in
emissions ranging from 1100 to 1350 nm, with particular inter-
est in the second telecom window. When the size of QDs in-
creases, the emission wavelengths shift to longer wavelengths.
Atomic force microscopy (AFM) analysis (Figures S3 and S4,
Supporting Information) reveals symmetric QDs with increased
height-to-diameter ratio for larger dots. Optimized growth pa-
rameters achieved a low QD surface density of approximately
1.5%10® cm™2, as confirmed by AFM as well as by recorded pho-
toluminescence (PL) images from the sample at 4K using an
InGaAs CCD camera (Figure 1b). By applying a spectral band-
pass filter centered at 1300 with a bandwidth of about 12 nm
(FBH1300-12), only a few bright emission points were detected
under the illumination of a 660 nm light-emitting diode (LED)
as an excitation source, corresponding to individual QDs in the
specified spectral range. However, the individual bright spots in
the PLimage do not provide complete optical properties and their
single-photon characteristics.

3. Optical Characterization

3.1. Micro-photoluminescence Spectroscopy

To gain deeper insights into the optical properties of individ-
ual QDs, we performed micro-photoluminescence (uPL) spec-
troscopy from the sample at T ~ 4 K. The sample was placed in a
closed-cycle optical cryostat equipped with nanopositioners. The
uPL spectra were acquired with an objective lens under the above-
band excitation of 4 = 650 nm laser excitation, passed through a
single long-pass optical filter (LPF 1000 nm), and recorded with
an optical spectrometer (Andor, InGaAs CCD camera). The mea-
surement setup is described in more detail in the Experimental
Section. Figure 1c shows the emission lines taken from several
representative individual QDs, each exhibiting relatively narrow
lines ranging from 1220 to 1330 nm. The broad spectral coverage
provided by these individual QDs enables correlating their emis-
sion energies with various optical characteristics, including po-
larization anisotropy, photoluminescence decay time, and spec-
tral broadening. These correlations, in turn, offer deeper insights
into how the QD size distribution and the surrounding buffer
layer influence their intrinsic properties, which will be discussed
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in the following sections. Additionally, to investigate to what ex-
tent the implemented resonant DBR microcavity enhances emis-
sion behavior, e.g., radiative decay rate and extraction efficiency,
we measured the normal incidence reflectivity from the sample
under a broad-band illumination. The obtained reflectivity spec-
trum shown in Figure 1c exhibits several broad peaks and dips.
Fitting the full-range spectrum with the transfer-matrix formal-
ism (see Note S2, Supporting Information) identifies the dip at
1330 nm as the cavity resonance. This resonance lies at the center
of the high-reflectivity stopband, while all other peaks and dips
arise from standard DBR features outside the stopband and do
not correspond to resonant modes. The full range of the reflec-
tivity spectrum and the corresponding transfer matrix fitting are
plotted in Figure S5 (Supporting Information). The full width
at half maximum (FWHM) of the cavity dip at 1330 nm is as
broad as approximately 35 nm, which results in a low Q-factor
of 38 as expected due to the leaky top DBR mirror (only 1.5 X
GaAs/AlGaAs).

To examine how the resonant cavity and QD size influence the
optical properties of individual QDs, we selected two representa-
tive QDs: one emitting at a shorter wavelength (1225 nm) and an-
other at alonger wavelength (1325 nm), as shown in Figure 2. The
choice of these two QDs serves two purposes. First, by comparing
a QD with an emission resonant to the cavity to one whose emis-
sion lies outside the cavity resonance, we can isolate the cavity’s
impact on optical properties. Second, as the emission wavelength
is closely related to QD size, comparing QDs at different wave-
lengths, combined with additional statistical data on QD size, al-
lows us to more thoroughly investigate how size variations af-
fect their intrinsic optical characteristics (Figure 2). Figure 2a—
present PL spectra, power-dependent PL intensity curves, and in-
plane polarization-dependent PL signals for the two representa-
tive QDs (QD, and QD;) under the above-band optical excitation.
The power-dependent PL measurements reveal clear exponents
close to 1 based on power-law analysis for both QDs (Figure 2b),
suggesting that observed emission likely originates from ground-
state neutral excitons or charged exciton complexes.

Next, we examined the emission intensity as a function of de-
tected polarization to determine the degree of linear polariza-
tion (DOLP). DOLP reflects the asymmetry in linear polariza-
tion of exciton complexes—both charged and neutral-which is in-
fluenced by the mixing of light- and heavy-hole states. In our
case (Figure 2c), QD,, (emitting at 1225 nm) exhibits nearly zero
DOLP, while QD (emitting near 1330 nm) shows a slightly more
induced DOLP. Moreover, analysis of polarization anisotropy for
a broad set of QDs shows an increase in DOLP value correlated
with QD emission shift to longer wavelengths (see Figures S7,
Supporting Information). This higher DOLP aligns with previ-
ous calculation results presenting the impact of the substrate
miscut for QDs polarization anisotropy.*’] Moreover, our AFM
measurements confirm that larger QDs possess a more signifi-
cant aspect ratio between height and diameter (Figures S3, Sup-
porting Information), possibly increasing the impact of miscut.
The resulting conditions likely enhance the hole-state mixing
for larger QDs, leading to increased DOLP values even for sym-
metrical QD (Figure S4, Supporting Information). The structural
properties of the QDs, influenced mostly by substrate miscut
and also growth dynamics, lead not only to measurable DOLP
values but also reveal noticeable FSS, as discussed in previ-
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Figure 2. a) PL spectra of two exemplary QD (red) and QDg (blue) emit-
ting respectively out and in cavity spectral range. b) Power-dependent PL
intensity plot, c) polarization-dependent PL intensity polar plot, and d)
TRPL traces for QD, and QDjg with respective fitting (purple). e) QDs de-
cay time (green points) ranging from 1170 to 1350 nm, and the reflectivity
spectrum (blue).

ous studies.[**3033] The correlation between these two parame-
ters is expected for QD based on the underlying structural and
electronic properties of QDs,l**¢] but still, FSS and DOLP can
not be strictly connected.l**>”] In this work, we also measured
FSS values (see Figure S7 in Note S3, Supporting Information).
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However, due to the finite resolution of our measurement system
and the near-zero FSS values obtained, conclusively distinguish-
ing between neutral and charged complexes remains beyond the
scope of this study.

3.2. QDs Lifetime Characterization

For the identified single-QD emission lines from fundamen-
tal excitonic complexes, we measured the decay time using
time-resolved photoluminescence (TRPL) at the lowest excita-
tion powers, enabling the determination of the intrinsic QD
lifetimes. Low-temperature and low-excitation-power conditions
should limit the possible impact of non-radiative transitions and
the dark exciton states dynamic or carrier escape to trap states
and higher states. However, in our case, we cannot exclude these
processes completely due to the observed increase in decay time
in the function of excitation power (see Figure S8a in Note S4,
Supporting Information). Figure 2d shows the measured TRPL
histograms for QD, and QDj;. From mono-exponential fittings,
QD; exhibits a shorter radiative lifetime of approximately 0.53
ns, while QD, gives a slightly longer decay time of about 0.82
ns. Initially, this shorter lifetime for QD might suggest a pos-
sible Purcell enhancement due to better spectral alignment with
the cavity resonance. To investigate this, we performed additional
lifetime measurements on a broad set of QDs emitting between
1170 and 1360 nm (Figure 2e). The resulting data show a wide
distribution of decay times, ranging from 0.5 ns to nearly 2 ns,
with an average value of around 0.98 ns. Such variability indi-
cates that the shorter decay time observed for QDj is likely not a
result of cavity-induced Purcell enhancement, but rather natural
QD-to-QD variations. The exciton lifetimes measured here are
in good agreement with those reported for telecom band QDs,
which span from 0.18 to 3.2 ns with typical values around 1-
2 ns.[114057-63] The shortest lifetimes of 0.18 ns for MBE-grown
SK InAs/InAlGaAs(001) QDs*®l and 0.34 ns for MOVPE droplet-
epitaxy InAs/InGaAsP(001) QDs[>°! were achieved from the QDs
embedded in advanced photonic structures by combining Purcell
enhancement and optimized excitation schemes.

Determining a clear relationship between decay time and
emission wavelength is challenging. Although one might expect
an inverse correlation—since larger QDs typically emit at longer
wavelengths and might thus exhibit longer lifetimes—other fac-
tors complicate this picture. Emission energy depends not only
on QD size, but also on indium composition and QD shape asym-
metry, which can alter the oscillator strength (and QD lifetime)
by modifying the wavefunctions of individual states. Without de-
tailed theoretical calculations of excitonic states, directly compar-
ing predicted and measured decay times remains difficult. Ad-
ditionally, weak coupling with the cavity could influence decay
times. However, comparing measured decay times with calcu-
lated Purcell factors as a function of wavelength (see Figure S8c,
Supporting Information) does not support a strong cavity effect
in these structures. Indeed, simulations confirm only a minimal
Purcell factor (Fp) for these structures (see Note S4, Support-
ing Information). Despite this weak Purcell enhancement, the
DBR microcavity still plays a crucial role in improving photon
extraction efficiency — an effect we will discuss in the following
sections.
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Figure 3. a) PL map for investigated line QDg in the function of variable
temperature. b) Energy emission (red points) and linewidth (blue points)
for QDg emission line (extracted by standard Gaussian profile fitting) in
the function of temperature, together with respective fits (purple solid and
dashed lines). c) Single QDs emission lines linewidth ranging from 1200
to 1350 nm.

3.3. Temperature Dependence

Before examining the cavity’s effect on extraction efficiency, we
first investigate the temperature-dependent optical properties of
these QDs and characterize their single-photon emission prop-
erties. We confirmed that single-QD emission from these struc-
tures can be observed at temperatures as high as 65 K. Notably,
the emission line identified at helium temperatures was still mea-
surable at 65 K. Figure 3a presents photoluminescence map of
the emission from a representative quantum dot from 4 to 65 K.
The significant decrease in emission intensity at higher temper-
atures can be attributed to carriers escaping the QD due to in-
creased thermal energy (see Note S5 and Figure S9, Supporting
Information). In addition to reduced intensity, we also observed
spectral broadening at elevated temperatures, likely induced by
thermally activated phonons interacting with exciton. Moreover,
the PL map in Figure 3a shows that the emission energy shifts
with temperature, reflecting changes in the energy structure in-
fluenced by the crystal lattice and substrate temperature. By ex-
amining the temperature dependence of emission energy and
linewidth (Figure 3b), we fit the observed variations to extract
the energies of the phonons interacting with excitons. From the
emission energy shift fit,!% we obtained a phonon energy of 7.9 +
0.1 meV. Similarly, the linewidth broadening fitl®%! yielded an
energy of 13.6 + 3.4 meV. These values are comparable to known
zone-edge transversal acoustic phonon energy in bulk GaAs and
InAs (= 6 — 10 meV),[®] indicating a phonon-related influence
on the emission line parameters. Deviations from the expected
values in the case of linewidth dependence may arise from sig-
nificant spectral diffusion, likely originating from the charge-
trap-rich buffer layer. There are several sources of charged traps
in the metamorphic InAlAs layer. First, the InAlAs/GaAs inter-
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face contains a high density of misfit dislocations.[?! Second,
we previously estimated a density of threading dislocations of
around 1x107 cm~2 in the InAlAs metamorphic layer.[%) Finally,
to avoid step bunching resulting in a rough surface and evapo-
ration of indium,/*! the InAlAs layer was grown at a relatively
low temperature for an Al-containing layer, which can introduce
point defects that act as carrier traps. Similar line broadening ef-
fects, caused by environmental charge fluctuations, have been re-
ported in analogous structures containing buffer layers.[>:67-%
Moreover, observation of energy emission shift and linewidth
modifications for QD emission lines in the function of the
above-band excitation laser power (see Note S6 and Figure S10,
Supporting Information) demonstrates the significant effect of
the charge environment on the QD properties. Observed QD
line broadening, which can exceed the Fourier-limited value,
complicates the clear observation of phonon-induced broaden-
ing at lower temperatures. In our studied QDs, the measured
broadening ranges from 230 to 940 peV (Figure 3c), consistent
with previous reports.**>%1 We found no clear correlation be-
tween the emission energy and the degree of broadening, indi-
cating that variations in QD parameters affecting emission en-
ergy do not straightforwardly translate into changes in spectral
linewidth.

3.4. Single-photon Purity

To confirm the single-photon emission character of these QDs,
we performed second-order autocorrelation measurements un-
der both CW and pulsed excitation conditions, as well as at el-
evated temperatures. Figure 4 shows the second-order autocor-
relation functions g () for a QD emitting around 1330 nm.
Under CW excitation, the g (0) values are below 0.1 at both
low (4 K) and elevated temperatures of 65 K (Figure 4a,b). Un-
der pulsed excitation, g?(0) remains below 0.20 (Figure 4c).
These values confirm single-photon emission behavior under
the pulsed and CW excitation (more data presented in Note S7
and Figure S11, Supporting Information). Fitting the autocorre-
lation data yields slightly improved values of 0.012*)0°) for CW
excitation (4 K) and 0.069 + 0.032 under pulsed excitation, af-
ter reducing noise contributions related to limited measurement
counts. The values we obtain here are comparable with the high-
purity single-photon emission reported for telecom-wavelength
InAs/GaAs(001) and InAs/InP(001) QD systems,['07% particu-
larly when using above-band excitation. Moreover, the non-zero
g?(0) values with significant error values likely arise from back-
ground emission by other QDs within the detection spot and
also a limited amount of coincidences, especially in the case of
autocorrelation measurement for elevated temperatures. Under
pulsed excitation, the need for higher excitation power to obtain
sufficient coincidence counts can increase this background. Ad-
ditionally, re-excitation processes may also contribute to the ob-
served g?(0) values at higher excitation powers (see Figure S11,
Supporting Information). The high defect density in the meta-
morphic buffer layer facilitates charge transfer between the quan-
tum dot and nearby trap states, increasing the probability of such
re-excitation events. To mitigate these issues, employing more
selective excitation schemes, such as quasi-resonant or fully res-
onant excitation, could help isolate single QD emission. Fur-
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Figure 4. Second-order correlation function for QD emission under CW
excitation in the case of a) low and b) elevated temperature. c) Autocorrela-
tion coincidences plot for pulsed excitation. d) Comparison of a simulated
extraction efficiency of emission value (lines in top panel) with saturation
emission counts rate values on CCD under pulsed excitation for differ-
ent QDs (green open points in bottom panel) in the function of emission
wavelength. Additional points refer to experimentally determined extrac-
tion efficiency of QD emission values (blue triangle points in top panel).

thermore, embedding the QDs within a p-i-n diode structure to
stabilize the local charge environment can mitigate trap-related
charge transfer and improve single-photon purity. Alternatively,
spatially and spectrally selective resonant cavities could limit
background emission by enhancing only specific QDs within the
structure.

3.5. Extraction Efficiency

To simulate the extraction efficiency (to the first lens) of our de-
vice, we have modeled the QD as a classical point dipole (for more
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information, see Optical Simulation Section; Note S8, Support-
ing Information). We can then define the extraction efficiency
as €(NA) = P_jed(NA)/Pr, where Py is the total emitted power,
P 1etea(NA) is the total integrated power in the far field above the
structure, and NA is the numerical aperture that defines the in-
tegration angle. In the top panel of Figure 4d, we present the
simulated extraction efficiency as a function of the wavelength
for various NAs of the collection lens. Despite the minimal Pur-
cell enhancement, the extraction efficiency is increased around
the cavity resonance A ~1330 nm. At this wavelength, the bot-
tom DBR has a stopband (for light emitted at normal incidence),
which provides high reflection, R ~ 0.8, compared to the broad-
band reflection, R ~ 0.35, of the top DBR due to the air interface
(see Figure S12 in Note S8, Supporting Information). Therefore,
the emitted light will escape upwards, increasing the collection
efficiency despite low Purcell enhancement. Outside the stop-
band, the top reflection is much stronger than the bottom, and
thus, the emitted light will escape through the wafer, i.e., very
low collection efficiency. However, a significant part of the light
is emitted toward more horizontal angles, which can only be col-
lected by a lens with large NA. This light, however, does not ex-
perience the stopband at 4 ~1330 nm. As shown in Figure S13
in Note S8 (Supporting Information), the bottom DBR stopband
blueshifts with increased angles therefore the peak collection ef-
ficiency also blueshifts when the NA is increased. Nonetheless,
the simulation indicates that the extraction efficiency to the first
lens can be increased in the spectral range ~1280-1340 nm, de-
pending on the NA.

To experimentally verify this cavity-induced enhancement for
the extraction efficiency, we measured the emission intensities of
a handful number of individual QDs spanning a broad spectral
range from 1160 to 1370 nm under pulsed excitation at experi-
mentally obtained saturation level to ensure a fair comparison.
As shown by the cyan points in the bottom panel of Figure 4d,
QDs emitting around the cavity resonance exhibit up to a 5.8-
fold increase in emission intensity compared to those emitting
outside the cavity range. This observation qualitatively agrees
with the predictions from our simulations, confirming that the
implemented low-Q cavity provides an enhancement for extrac-
tion efficiency despite the weak Purcell effect. In practice, fac-
tors such as setup efficiency, the inability to fully capture emis-
sion from all complexes within a single QD, and limited accu-
racy of saturation levels characterization using above-band ex-
citation introduce some uncertainties in determining the true
extraction efficiency. Nonetheless, by carefully accounting for
the optical setup efficiency (see Note S9, Supporting Informa-
tion), we estimate a maximum extraction efficiency of about 3.9%
(average value of 3.11 +0.32%) to the first lens for QDs near
the cavity resonance (see top panel Figure 4d; Table S1, Sup-
porting Information). Obtained saturation emission counts rate
for the best QDs exceed 40 kcps in the used setup configura-
tion. Including setup efficiency-based correction, this value can
be above 2 Mcps according to above 3% extraction efficiency.
By improving setup efficiency value to around 10 — 20%,!1271]
QDs emission rate should show above 0.5 Mcps for investi-
gated emitters embedded in the planar cavity without the ap-
plication of more advanced and challenging deterministic pho-
tonic structures presenting much higher values of extraction
efficiency.12157273]
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4, Discussion

The discrepancy between measured extraction efficiency values
(about 3.9%) and the simulated results (up to 15%) likely arises
from several factors related to both structural modeling and de-
vice performance. First, the simulation relied on a nominal struc-
tural design (see Figure S1, Supporting Information) that as-
sumed the cavity would be centered at ~1280 nm (Figure S5,
Supporting Information), in line with earlier findings.[*! In real-
ity, local variations in layer thickness and composition shifted the
actual cavity resonance to ~1330 nm. Although we fitted variable
parameters such as layer composition and thickness, to match
the measured reflectivity spectrum (Note S2, Supporting Infor-
mation), uncertainties in refractive indices and the potential for
less-probable fitting solutions complicate the accuracy of the fi-
nal model. Moreover, the QDs themselves might not be precisely
positioned within the 4/2 plane due to the double-step capping
procedure, while strain, defects and roughness at the interfaces
(particularly in the top DBR and buffer layer) can further alter
the optical environment. The model used for the calculation can
not include the sample imperfections driven by lattice constant
differences in the InAlAs buffer layer and GaAs. In the top DBR,
the strain from GaAs grown on InAlAs promotes 3D island for-
mation, increasing surface roughness and exacerbating scatter-
ing losses that degrade photonic-structure performance. Further
optimization of MBE growth parameters!264°! as well as top DBR
structure in the context of structure quality, together with pre-
cise control of QDs localization in cavity structure can still im-
prove this possible limitation. Another potential source of the
discrepancy is the assumption that the QDs have an internal
quantum efficiency (IQE) of 1, considering the ideal case. How-
ever, in practice, non-radiative recombination pathways, particu-
larly under above-band excitation, can diminish the effective pho-
ton generation rate.[®*] Indeed, variations in decay rates at differ-
ent excitation powers (see Figure S8, Supporting Information),
suggest that some QDs may exhibit sub-unity IQE. Additionally,
using high-power above-band excitation can complicate the pro-
cess of fully saturating the exciton states, as it introduces signif-
icant background emission. To mitigate this issue, we lowered
the excitation power, but this adjustment may result in an in-
complete exciton population and thus contribute to the observed
discrepancy between our measured extraction efficiency and sim-
ulated values. Moreover, injecting carriers in the charge-trap-rich
buffer layer via high-energy above-band excitation may induce
more spectral diffusion and broaden the QD emission lines. Such
spectral broadening may exceed the monochromator’s filtering
bandwidth, reducing the fraction of collected photons. Optimiz-
ing the excitation schemes, preferably through resonant or quasi-
resonant excitation, and implementing a p—i-n diode structure
for electrical stabilization could achieve both full population in-
version and more stable, high-brightness single-photon emis-
sion, ultimately enabling more accurate measurements of extrac-
tion efficiency.

Despite these discrepancies, the obtained values are still
comparable to those reported in the telecom range for similar
QDs with extraction efficiencies of 3 —7%, achieved using
bottom DBRs!7*7>! or metallic mirror,”?! showing penitential
of this platform in context of efficient single-photon sources
fabrication. Further improvements are attainable through more
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advanced photonic structures, such as horn,’® circular Bragg
grating, 12155877801 mega [727381-83]  microlens,!®*®!  photonic
crystal,18] tapered nanobeam cavity,®”] or open fiber cavity
structure.®® In addition to their inherently higher extraction
efficiencies, alternative photonic elements, such as circular
Bragg gratings, microlenses, and mesas, can overcome the
performance limitations of the top DBR in our cavity, as they
do not rely on a full DBR-based structure. Additionally, the
implementation of such extra photonic structures (e.g., pillars,
mesas) via the deterministic fabrication method!!>78848-93] by
exploiting the low-density feature of our QD sample can be
employed to further boost the efficiency. Beyond extraction
improvements, exploiting high-Q cavities can increase emis-
sion rates via Purcell enhancement,[1215587886] egpecially if
accompanied by fine spectral alignment of QDs to the cavity
resonance via proper electrical tuning.”] Moreover, such a
high-Q photonic cavity combined with an implemented p-i-n
structure is crucial to improve the important figure of merit -
indistinguishability - for future applications of single-photon
sources.® Especially here in the case of buffer-layer-based
telecom QDs the reduction of electrical fluctuations (charge
noise) affecting spectral diffusion(”*®] can be critically im-
portant to optimize this parameter. Besides optimizing the
growth to minimize defects around the emitters, integrating
the QDs into the aforementioned diode structure enables active
electric-field control of local charges, thereby reducing spectral
diffusion and charge-noise induced dephasing that limit coher-
ence time and photon indistinguishability.®*°”] In addition to
design optimizations, more sophisticated excitation schemes,
such as p-shell [1215587778828798] 1 O./LA-phonon, 5% two-
photon,7#%] resonant,['] or SUPER-schemel®! excitations
can also be exploited to further develop these telecom QDs
towards near-unity efficient single-photon sources with high
indistinguishability.l7:15749496.9899101] " Combined, these strate-
gies could further elevate the performance of telecom QD
single-photon sources for future photonic quantum informa-
tion technologies.

5. Conclusion

In this work, we achieved single-photon emission in the tele-
com O-band from droplet-epitaxy InAs QDs grown on vicinal
GaAs(111)A substrates using an optimized InAlAs metamorphic
buffer layer. Integrating these QDs into a planar GaAs/AlGaAs
DBR microcavity yielded high single-photon purity with g (0)
values of 0.012*0%) under CW and 0.069 + 0.032 under pulsed
excitations, and extraction efficiencies reaching 3.9% to the first
lens near the cavity resonance. High-purity emission persists
up to 65 K under CW excitation, with only limited Purcell en-
hancement but up to a 5.8-fold emission intensity improvement.
Polarization-resolved measurements revealed increased DOLP
for longer-wavelength QDs, linked to substrate miscut, while the
overall optical quality (decay time and linewidth) remains robust
across the 1200-1350 nm range. This suggests that shifting QD
emission toward longer wavelengths does not compromise their
intrinsic optical quality. These findings underscore the potential
of droplet-epitaxy InAs QDs on GaAs(111)A for scalable, high-
performance single-photon sources at telecom wavelengths.
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6. Experimental Section

MBE Growth: The growth was carried out in a conventional MBE
chamber equipped with effusion cells for Ga, Al, and In and the valved
cracker cell for As. The sample was grown according to refs. [49-51] on a
2-inch undoped semi-insulating GaAs(111)A wafer with a miscut of 2° to-
ward the < 112 > direction. After loading the wafer into the growth cham:-
ber, the substrate temperature (T,) was increased to 615 °C and kept for 10
min to clean the surface from the oxide layer. T, was controlled by the in-situ
reflection high-energy electron diffraction (RHEED) technique and an appear-
ance of (2x2) surface reconstruction at 580 °C.l1%2] Then, the growth of a
100 nm-thick GaAs buffer layer and Aly sGay sAs/GaAs distributed Bragg
reflector (DBR) structure was performed at T, of 600 °C with the growth
rate of 0.5 and 1 ML/s for GaAs and AlGaAs layers, respectively (1 ML is the
site-number density of the unreconstructed GaAs(001) surface defined as
6.26 x 10" atoms/cm?). During the growth of these layers, a beam equiv-
alent pressure (BEP) of the As, flux was set about 3x10™> torr measured
by the ionization gauge. The DBR consists of 25 pairs with thicknesses of
102.5 and 96.1 nm for AlIGaAs and GaAs, respectively, and it has high re-
flectivity (= 99%) for a wavelength range centered around 1310 nm. The
AlgsGag sAs/GaAs pair was chosen to avoid the oxidation of pure AlAs
and decrease the DBR structure’s growth time without growth interrup-
tions for changing and stabilizing Ga and Al cell temperatures. After the
growth of the DBR, T, was set to 470 °C for the growth of a 100.8 nm-thick
Ing gAlg 4As metamorphic layer with the growth rate of 0.5 ML/s accord-
ing to ref. [26] The As BEP during the growth of the InAlAs layer was about
1.5%107° torr. The QD self-assembly was performed using the droplet epi-
taxy procedure.[>3%] T, was decreased to 370 °C and the As valve and shut-
ter were closed to reach ultra-high vacuum conditions for the deposition
of In. When the residual pressure in the chamber reached ~ 3 x 10~° torr,
0.15 ML of indium was deposited at the rate of 0.01 ML/s. The crystalliza-
tion step was carried out at 300 °C by opening the As valve and shutter to
expose the surface by the As flux for 3 minutes at the As BEP of 4.2 x 107°
torr, followed by 5 minutes at the reduced As BEP of 1.5 x 107> torr. The
capping Ing gAlj 4As layer was grown at two stages. First 10 nm at T, of
300 °C to avoid adatom diffusion out of InAs islands and then T, was set
to 470 °C without closing the fluxes. The InAlAs growth rate was 0.5 ML/s,
and As BEP was 2.4 x 107° torr. Finally, the InAlAs cavity was covered by
the GaAs/Aly sGag sAs 1.5—pair grown at the same conditions as the bot-
tom DBR structure. The surface morphology of the different growth stages
is present in Figure S2 (Supporting Information).

Morphological Analysis: The surface morphology was analyzed by the
Veeco Innova AFM in tapping mode using Nanosensors SSS-NCHR sharp
silicon tips capable of a lateral resolution of about 2 nm. The samples were
mounted to have one of the cleavage edges (112) parallel to the x-scan
direction. AFM scans have 512x512 or 1024x1024 pixel resolution. The
scanning rate was set to 0.5 Hz.

Optical Characterization: The optical measurements were obtained
with a custom-built low-temperature micro-photoluminescence (p PL)
setup. The sample is mounted on a closed-cycle cryostat (attoDRY800xs,
Attocube) operating at a base temperature of 4 K with control of sample
temperature to perform temperature-dependent studies. The cryostat is
equipped with piezoelectric nanopositioners and a microscope objective
(100x, NA = 0.7, long-working distance M Plan Apo NIR HR Mitutoyo ob-
jective or 60x, NA = 0.8, LT-APO/Telecom Attocube objective depending
on used configuration with objective outside or inside the cryostat cham-
ber). Excitation was performed with above-band excitation 650 nm semi-
conductor diode laser (LDH-D-C-650, PicoQuant) with CW and pulsed
operation mode with below 90-ps-long pulses and a pulse-train control
possibility (2.5-80 MHz). PL characterization was based on a 0.328 m
focal-length monochromator (Kymera 328i, gratings: 150, 600 lines/mm,
Andor, Oxford Instruments) with deep thermo-electrically-cooled InGaAs
linear array detector (iDus, Andor, Oxford Instruments). The maximum
resolution of the setup was obtained up to 0.09 meV. Time-correlated
single-photon-counting mode was used to perform time-resolved PL char-
acterization and single photon statistics measurements using Hanbury
Brown and Twiss configuration (based on 50:50 fiber beam-splitter). As a
detection setup, in that case, we used a single photon counting module
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(Time Tagger Ultra, Swabian Instruments) together with superconduct-
ing nanowire single-photon detectors (D281 SNSPD, ID Quantique). The
polarization-resolved PL characterizations were obtained with the pair of
half-wave plate and linear-polarizator. The setup efficiency characterization
including transmission of all optical elements is present in Table S1 of the
Note S9 (Supporting Information).

Optical Simulation: As mentioned, we model the QD as a classical
point dipole with in-plane orientation and harmonic time dependence at
frequency o to calculate the extraction efficiency presented in Figure 4d.
The corresponding current density is J(r) = —iwps(r — rg), where ry is the
position of the QD and p is the dipole moment. We then solve Maxwell’s
equation in the frequency domain by using an eigenmode method (sim-
ilar to the Fourier modal method!'%]) combined with a standard scatter-
ing matrix formalism.['%] Due to the simplicity of the planar cavity, both
the eigenmodes and the scattering matrices can be found analytically. The
method is described in further detail in Note S8 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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